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Chapter ].

Scientific and technological motiv-
ations

Graphene is a two-dimensional monolayer composed of carbon atoms
tightly packed into a hexagonal lattice. Although graphite, its 3-D coun-
terpart, has been used for several centuries by humankind, graphene
was not discovered until 2004 in its isolated, observable and testable
form. This single sheet was first obtained by two Russian condensed-
matter physicists, K. S. Novoselov and A. K. Geim at the University
of Manchester who noticed that exceptionally thin fragments could be
peeled off of a graphite piece. Continuously peeling the layers from
the graphite fragment eventually lead to the isolation of a crystalline
material with a thickness of just one atom [1]. The groundbreaking
experiments they conducted on graphene revealed a series of unique
electronic properties that sparked such a great deal of interest among
the research community that the Royal Swedish Academy of Sciences
decided to award them the Nobel Prize of Physics in 2010.

Ensuing theoretical and experimental studies further contributed to the
graphene renown by revealing that, in addition to the amazing electronic
properties such as charge carrier mobilities as high as 200 000 cm?V-!s!
at 5K [2], graphene also possesses other interesting physical properties
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2 Chapter 1. Scientific and technological motivations

including a stiffness higher than steel (Young’s modulus 1TPa) [3,4],
a thermal conductivity substantially higher than diamond (up to 5000
W.m™ K1) [5], the ability to absorb 2.3% of visible light [6], an amazing
impermeability to most gases and liquids [7], an unprecedented flexibility
[8] and, the ability to sense a wide range of species and conditions such
as humidity, temperature and even electromagnetic radiation [9-11].

Context

This unrivaled combination of properties inspired scientists from both
academia and industry to incorporate graphene into a wide range of
practical applications spanning over various fields: energy storage (bat-
teries, super capacitors) [12,13] and harvesting (geometric diodes, solar
cells) [14,15], coatings (anti-corrosion, conductive inks) [16], health (drug
delivery, faster DNA sequencing, smart plasters, healthcare monitors)
[17,18], sensing (pressure, temperature, atmosphere composition, ra-
diation) [19, 20], filtration (desalination, purification) [21,22], compos-
ites [23] and flexible or high-frequency electronics (flexible ultra-thin
displays, touch screens, RFIDs, transistors) [24-27].

In this context, graphene is considered of particular interest in the field
of information technology, which has been exponentially developing since
the advent of the internet and personal computers in the late 1980s and
early 1990s. Nowadays, the number of internet users currently exceeds
3 billion people and more than half of them are primarily connecting via
their smartphones. Smartphones that were, for instance, reserved for the
wealthy elite about 20 years ago are now in everyone’s pockets as more
than 200 million units are sold every 3 months. Besides reducing their
prices, electronic devices are getting smaller and feature an ever increas-
ing processing power. This technological trend reflects the well-known
Moore’s law postulating that computing power, roughly estimated by
the number of transistors that can be embedded in a single processor
chip, approximately doubles every 18 months [28]. This trend which has
been a real driving force for the semiconductor industry and somehow
helped surpassing physical, chemical and manufacturing challenges, is
progressively fading away.
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Presently, companies like Intel are able to mass-produce processors with
10-nanometer-long transistors, which is getting close to the physical
limit of which silicon-based transistors are able to shrink [29,30]. The
semiconductor industry thus has no choice but to turn to other materi-
als with appropriate electronic properties and whose dimensions can be
controlled at the atomic scale. Although graphene cannot be directly of
great assistance for logic electronic applications due to the absence of
band-gap, it is of great interest for extending the service life of mobile
devices and diversifying/broadening the range of electronic applications.

Unfortunately, there are several challenges to be addressed before being
able to exploit graphene’s fantastic properties in practical technologic
applications. The main challenge lies in producing large quantities of
graphene with a high throughput, structural quality and chemical purity
at an affordable price. Graphene can currently be produced by a mul-
titude of methods that can be classified in two categories: "bottom up"
approaches that use chemical reactions (graphitization) to synthesize
graphene from other carbon sources and "top-down" approaches which
are based on the processing of bulk graphite. The production yield,
structural quality, chemical purity and the "format" of graphene strongly
depend on the employed production method.

Top-down approaches for instance can yield several kilograms of graphene
derivative in one single batch and for a relatively low cost. Given that
graphite is a relatively abundant material on earth and that the pro-
duction throughput is directly proportional to the initial amount a raw
graphite, this approach can be furthermore scaled-up. However, the
various reported separation processes including arc discharge [31, 32],
exfoliation of graphene oxide [33], electrochemical exfoliation [34], ex-
foliation of intercalation compounds [35,36] and solvent-based exfoli-
ation [37,38], can only produce small graphene fragments, have a rel-
atively poor control over the number of layers, often employ hazardous
chemicals and drastically compromise the physical integrity and chem-
ical purity of graphene. Nevertheless, the resulting graphene powder
or suspension can be of great use for applications such as composites
in order to make materials stronger or electrically conductive, printed
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electronics, super capacitors and filtration applications.

Bottom-up approaches on the other hand, such as chemical vapor de-
position (CVD) or epitaxial growth on silicon carbide (SiC), offer large
surface areas of graphene with a high chemical purity, a relatively high
structural quality and a better control over the number of layers. Coun-
terbalancing these advantages, the production cost of graphene from
SiC is very high compared to the other methods as high-quality SiC
wafers are quite expensive to produce and the sublimation of silicon re-
quired to grow graphene occurs at very high temperature (~1200-1700
°C) [39-42]. Although graphene-based electronic devices can directly be
produced on the SiC synthesis substrate because of its insulating nature,
it is rather challenging to transfer graphene onto other surfaces, thus re-
ducing the spectrum of potential applications [43]. In contrast, chemical
vapor deposition of graphene has been demonstrated using various syn-
thesis substrates, requires a lower processing temperature (~600-1080
°C) and can be transferred on pretty much any kind of surface, which
make it the most promising manufacturing method for the realization of
practical high-performance applications.

Objectives of the thesis

This research mainly focuses on developing tools allowing the produc-
tion of large-area high-quality graphene with a controllable number of
layers and fostering its integration in potential advanced technological
applications. This thesis thus involves (i) studying various types of Cu
substrates that are used as catalyst for the synthesis of graphene but can
also be employed as a platform for the realization of devices, (ii) devising
a chemical vapor deposition setup that can reach a wide range of para-
meters and thus offering new possibilities in terms of graphene growth
conditions, (iii) improving the understanding of fundamental graphene
growth mechanisms indispensable for the production of graphene with
minimal crystalline defects and, (iv) developing an efficient and reliable
method for transferring graphene onto desired device-compatible sub-
strates.
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Thesis outline

This thesis is organized as followed:

Chapter 2 starts with reviewing the various graphene chemical vapor
deposition (CVD) procedures that have been reported so far. After
introducing the basic graphene growth mechanisms and demonstrating
why copper is considered as the most promising synthesis substrate for
the growth of graphene, this chapter presents the great advances de-
veloped by the scientific community in order to improve the controllab-
ility of the CVD process over the structural quality and the number of
layers.

Chapter 3 presents the CVD setup that was initially used at the early
stage of this research and exposes the different catalyst alternatives that
have been investigated. As transferring graphene is essential for charac-
terization and device fabrication purposes, this chapter also gives a de-
tailed account of the procedure employed to transfer large-area graphene
on arbitrary surfaces. Finally, the various characterization tools that
have been employed on a daily basis to assess graphene’s structural
quality and number of layers are presented.

Chapter 4 shows the first graphene growth results that have been ob-
tained with the initial CVD setup and points out the various scientific
and technological challenges that had to be addressed in order to reach
state-of-the-art graphene production. Aside from demonstrating that
the currently used CVD setup is limited and unable to directly achieve
graphene growth results with a quality similar to what is reported in the
literature, this chapter shows that decent graphene results can however
be achieved by confining the Cu surface with an inert material. The role
of Cu surface confinement is then further discussed and put into context
with similar observations reported in the literature.

In order to address the limitations presented in chapter 4, various CVD
setup modifications have been made over the years in order to explore
a wider range of CVD parameters, improve the graphene growth results
and achieve better repeatability and reproducibility of the experiments.
Chapter 5 exposes these modifications that, at first sight, seem to
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address more technical and technological issues, but represent the key-
stone of the advanced CVD results presented in chapters 6 and 7.

Chapter 6 exploits the customized CVD setup capabilities, and more
particularly the ability to precisely adjust the global pressure inside the
CVD chamber as the CVD protocol proceeds. This particular feature,
which was first employed to systematically study the impact of CVD
protocol conditions on the growth of graphene, has been found to be
essential to produce millimeter-size single-crystals of graphene on a 3-
inch Cu film wafer.

Using appropriate pre-growth conditions represents one of the key factors
enabling the production of graphene domains with lateral dimensions
going beyond the state-of-the-art of graphene synthesis of Cu film. Un-
fortunately, the spectrum of investigation for the pre-growth conditions
is relatively limited given that the quasi-2D nature of the Cu film makes
its physical integrity more sensitive to the harsh CVD pre-growth en-
vironment. Chapter 7 thus presents additional experiments that have
been achieved using Cu foils as catalyst in order to further uncover the
full potential of pre-growth conditions in controlling graphene growth.

Finally, Chapter 8 summarizes the major scientific findings and pro-
poses a series of perspectives for additional research in the field of
graphene growth, transfer and device fabrication.



Chapter 2

Literature review of CVD Growth

Presently, chemical vapor deposition (CVD) on copper is the most tech-
nologically advanced graphene manufacturing approach as it yields con-
tinuous large-area graphene films with a controllable number of layers.
Unfortunately, CVD-grown graphene usually exhibits a lower structural
quality than the pristine material obtained by mechanical exfoliation
of graphite. The poor graphene quality is known to adversely impact
its physical properties and must be improved in order to fully exploit
graphene’s high potential once integrated into functional devices.

Section 2.1 explains the underlying physical background of CVD growth,
fits the methane-based CVD growth into the framework of other existing
graphene CVD approaches, and shows the benefits of using Cu compared
with other synthesis substrates. Then, Section 2.2 and 2.3 present the
various approaches that have been developed over the past 8 years in
order to address the structural quality limitations, better control the
number of layers and ensure a high uniformity over large areas. Finally,
section 2.4 discusses the primary challenges stemming from the use of
Cu films instead of the widely employed Cu foils as catalyst for the CVD
growth of graphene.
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2.1 Fundamentals of CVD growth of graphene

The chemical vapor deposition (CVD) process consists of depositing a
solid material using a vapor precursor which chemically reacts on or
in the vicinity of a synthesis substrate surface upon heating at high
temperature. Although this technique has been widely used in the semi-
conductor industry for the deposition of materials such as polysilicon
and silicon nitride, its application towards graphene synthesis was not
demonstrated before 2008 [44]. The discovery of a non-expensive and
scalable graphene manufacturing technique sparked a great deal of in-
terest among the scientific community and in the industry. In that re-
spect, the past 8 years have seen a tremendous increase of research activ-
ities focusing on improving the controllability over the CVD production
process. Consequently, the literature flourished with a multitude of pro-
cess variants including different synthesis substrates, carbon precursors,
and whether particular methods are used to activate the graphene form-
ation reaction.

Up to now, graphene has been synthesized on a wide variety of sub-
strates including metals [45], semiconductors (Ge [46,47]) and insulators
(AlO3 [48], SigNy [49,50]). In terms of structural quality and control
over the number of layers, the best CVD synthesis results have been
achieved using transition metals including Co, Cu, Fe, Ir, Ni, Pt and
Ru. These metals have the ability to catalyze the chemical vapor depos-
ition meaning that they provide a lower energy pathway for both the de-
composition of the carbon precursor into adsorbed C-based species and
the graphitization reaction by stabilizing graphene. This stabilization
mainly comes from the ability of transition metals to form intermediate
soft bonds with graphene. In the case of Cu, for instance, m electrons
from the 2p, orbitals of C atoms are shared with the partially filled 4s
orbitals of Cu atoms. Moreover, using a catalyst leads to the heterogen-
eous decomposition of the carbon precursor on the desired surface and
prevents the formation of carbon aggregates in the gas phase (e.g. soot)
or on the CVD reactor inner walls.
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Depending on the employed catalytic material, the fundamental graphene
growth mechanisms and thus the control over the graphene structural
quality and number of layers can significantly differ. This disparity
mainly arises from variations in the catalytic activity, the carbon solu-
bility and the carbon affinity of the catalyst when heated up at high
temperature. In order to explain their experimental CVD synthesis
results on Cu catalyst, a few research groups proposed rather similar
mechanisms for the growth of graphene which involve the following key
stages [51-54]:

1. Breakdown of the carbon precursor on the catalytic surface through
dissociative adsorption to form active C-based species (CHy<4)s
where "s" stands for the surface-adsorbed species in opposition to
the gaseous molecules.

2. Competition between the adsorption, desorption and diffusion of
active species (CHx<4)s on the catalyst surface. These species tend
to aggregate together to form more stable clusters (CnHy)s that
can potentially become stable graphene nuclei.

3. Once a certain amount of graphene nuclei is formed, the freshly
adsorbed active C species tend to chemically react with existing
graphene islands and contribute to their development rather than
forming additional nuclei. As the graphene growth proceeds, the
graphene nuclei develop to become graphene islands (also called
domains, grains or flakes) that will eventually merge together to
form a continuous graphene film.

Although the exact nature of the adsorbed active C species has not been
well identified yet, theoretical calculations predicted that the complete
dehydrogenation of hydrocarbons such as methane into atomic carbon
is energetically very unfavorable on the Cu surface [55]. The aforemen-
tioned mechanism implies that adsorbed active C species are virtually
constrained on the catalyst surface where they can diffuse and react with
growing graphene domains. This surface-mediated process only applies
to metals having a very low carbon solubility such as Cu and Pt. For
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other metals that exhibit a higher C solubility such as Ni and Co, the
active C species also diffuse on the surface but a significant amount of
them dissolves into the catalyst bulk upon the exposure to high tem-
perature. Due to the C solubility temperature dependency, dissolved C
species tend to out-diffuse, precipitate at the surface and produce ad-
ditional graphene layers upon the cooling phase of the CVD protocol.
Compared with the surface-mediated process, the bulk-mediated process
is thus far more complex due to additional key process parameters for the
graphene growth such as the C concentration of the catalyst, the catalyst
thickness and the cooling rate. Moreover, dissolved C species preferen-
tially out-diffuse through the catalyst grain boundaries and consequently
produce additional layers that are essentially localized near the catalyst
grain boundary grooves. Metals with an even higher carbon affinity such
as Fe can also result in the formation of carbide phases upon the high
temperature CVD process, which makes the CVD growth of graphene
even more complex than with other metals [56,57]. It is therefore essen-
tial to employ a low C solubility substrate when the uniformity and the
control over the number of layers are of central importance!. Because
of its low carbon solubility and its moderate catalytic activity, copper
is considered as a top candidate for being used as a synthesis substrate
for graphene growth. Given that graphene is impermeable to gases, the
growing graphene domains inhibit the adsorption of C precursors on the
Cu surface underneath. Once the graphene sheet entirely covers the
catalyst, the C supply is suppressed and the graphene growth process
stops by itself. The growth of graphene on Cu catalyst is thus referred
to as a self-limited process. Bi- and few-layer graphene regions can how-
ever grow on the Cu catalyst if the active C species can diffuse on the
surface under the first growing layer without being attached on the top
layer domain edge [62].

Directly synthesizing graphene onto electrical insulating materials such
as sapphire or silicon dioxide would be very attractive for the devel-
opment of graphene-based devices and the co-integration of graphene

The C solubility of Cu, Pt, Ir, Ru and Ni are ~0.0007, ~0.005, ~0.07, ~0.5 and
~1 at.%, respectively at 1000 °C [58-61].
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with the CMOS platform. Due to the absence of catalytic activity of
these materials, other strategies have been developed to facilitate the
decomposition of C precursors on the substrate surface such as higher
growth temperatures (T~ 1350 °C), plasma-enhanced CVD or more re-
active C sources. Although tremendous efforts have been dedicated in
this regard, catalyst-free CVD processes have only produced poor qual-
ity graphene so far [48,63,64].

Since the first demonstration of CVD growth of graphene that was based
on the chemical reaction of methane, several other substances have been
investigated including alcohol vapors (methanol [65], ethanol [65,66],
propanol [65]), hydrocarbons (acetylene [67], ethylene [68], benzene [69],
oil [70]) or even vapors obtained by the pyrolysis or vaporization of solid
polymers (polystyrene [71], PMMA [72], coronene [73]), plants [63], in-
sects or food [74]. Methane is often preferred over other C sources
because it is a very stable molecule (with strong C-H bonds) and thus
requires very high thermal energy (T>1200 °C) to be thermally decom-
posed without catalyst [52,75]. Therefore, it only decomposes on the
catalyst surface and does not react in the atmosphere of the CVD fur-
nace or on the top surface of growing graphene. Using more reactive
precursors negatively impacts the control over the number of layers and
the quality as they result in an excessive adsorption of C based species
on the catalytic surface.

Because the production of a uniform graphene sheet with minimal crys-
talline defects and a controllable number of layers is highly desirable
for its integration in advanced technological applications, intensive ef-
forts have been devoted to improve the controllability over the growth
process using methane as carbon source and Cu substrates as catalysts.
Owing that the CVD growth of graphene on Cu is a surface-mediated
and self-limited process, the growth of graphene is limited to a few layers
and the uniformity of the deposition deals more with gas flow dynamics
over the catalytic surface rather than actual CVD conditions. The sci-
entific community thus predominantly focused on improving the struc-
tural quality which is essential for achieving graphene’s exciting physical
properties. Unfortunately, CVD-grown graphene falls short in terms of
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structural quality compared to its exfoliated counterpart for 3 reasons.
First, graphene formation results from the the nucleation, growth and
coalescence of single-crystalline graphene domains (GDs). Because the
graphene lattice in-plane orientation varies from one domain to another,
the junction of adjacent graphene domains creates defect lines called
graphene grain boundaries (GGBs) [76,77]. Defects in graphene’s lat-
tice can also appear during the growth of individual graphene domains
due to the presence of impurities, dopants or simply because of inappro-
priate CVD conditions which lead to a poor graphitization. Finally, as
graphene growth mimics the underlying Cu surface morphology, topo-
logical features on the Cu surface are accommodated by the presence of
topological defects and out-of-plane deformations in graphene [77].

The two next sections describe the major experimental advances that
have been made in the field of CVD growth of graphene using a Cu
catalyst and methane as carbon source. Cu foil is the most widely used
form of Cu catalyst being employed for exploring strategies to improve
graphene’s structural quality or for studying fundamental growth mech-
anisms (section 2.2). On the other hand, using Cu films represents a
real asset for application purposes and fundamental studies as shown in
2.3.
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2.2 CVD of graphene on copper foils

Given that it is very challenging to control the Cu surface morphology at
the micro- and nanoscale upon the high temperature CVD process, the
main advances that have been made in this area concern the improve-
ment of the crystalline structure of growing domains and the reduction
of GGB-induced defects. Up to now, three major strategies have been in-
vestigated to address these limitations: controlling the size, the location
and the lattice orientation of growing single-crystalline GDs.

2.2.1 Race for the growth of large graphene domains

The best approach to suppress GGB-induced defects consists of produ-
cing graphene sheets made of larger GDs and thus containing a lower
GGBs density. This approach, introduced in 2010 by Li et al. [78],
triggered a race among the scientific community towards the develop-
ment of methods leading to ultra low nucleation site density at the
earlier stage of graphene growth. In that way, single-crystalline GDs
can expand over large areas before coalescing with each other. Produ-
cing GDs with compact shapes also contributes to the reduction of the
GGBs density as dendritic domains form jagged defect lines when they
merge together. In this regard, the past 7 years have seen a substan-
tial increase of interest in techniques leading to this goal including the
proper tuning of CVD parameters, Cu foil pretreatments, customized
Cu foil geometries and non-conventional CVD furnace configurations.
These four approaches are described in some more details in the follow-
ing paragraphs.

Appropriate CVD conditions

The employed CVD processing parameters, and more particularly the
CVD conditions present in the vicinity of the Cu surface such as the
methane partial pressure (Pcp,), the hydrogen-to-methane ratio (R),
the global pressure (P) and the growth temperature (Tg;) play a crucial
role in determining the domain density and shape.
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Li et al. [78] first discovered that changing the growth temperature of
the LPCVD process from 985 to 1035°C and the methane partial pres-
sure from 0.61 to 0.21 mbar was increasing the lateral size of graphene
domains from ~5pm to ~25 um. These observations were corroborated
later by Jia et al. [79] who further decreased the Pcy, to obtain 100-
nm-large graphene domains. Zhang et al. [80] employed a 5% Ar/CHy
gas mixture as C-source feedstock to better control the Pcy, injected
in the furnace during the APCVD process. By tuning T, from 1000 to
1050°C and Pcp, from 2 to 0.25 mbar, they decreased the nucleation
site density from 60 to 2 nucl./mm?. Vlassiouk et al. [81] investigated
the role of the temperature in the 970-1080 °C range for both LP and
AP CVD conditions. They observed that conducting the CVD growth
at a temperature close to the melting point of copper was minimizing
the domain density, regardless of the pressure regime. They also found
that the high-temperature-induced C species desorption from the Cu
surface occurs through the Cu evaporation at low pressure and through
desorption of carbon clusters at ambient pressure conditions.

For both LP and AP CVD pressure regimes, it has thus been observed
that relatively low CHy partial pressures and relatively high growth tem-
peratures were key CVD conditions to reduce the nucleation site density
and thus obtain larger graphene domains. For the nucleation site dens-
ity, this observation is explained by the correlation between Pcpy, in
the CVD atmosphere and the concentration of active C species present
on the Cu surface. Lowering the gas phase concentration of methane
leads to a reduction of the methane molecules dissociative breakdown
rate on the Cu surface which thus decreases the supersaturation of C
species required to initiate the nucleation [53]. The growth temperature
dependency can be explained by considering the deposition rate and the
mobility of C species present on the Cu surface. Performing the CVD
process at high temperature improves the mobility of C species on the
Cu surface and promotes their desorption from the Cu surface. High
temperatures thus favors the attachment of C species on existing grow-
ing graphene islands over the formation of new graphene clusters with
a supercritical size [53].



2.2. CVD of graphene on copper foils 15

Maintaining a low partial pressure of methane is also essential to avoid
the formation of additional layers [51,82,83]. These additional layers are
believed to be induced by active C species that diffuse beneath the first
growing layer without being attached on the first layer domain edges [84].
This phenomenon is more likely to happen when a relatively high active
C species concentration is present on the Cu surface and when the ad-
sorption rate of these species on the Cu surface exceeds the attachment
rate on growing graphene domains.

Another sensitive parameter determining the nucleation site density is
the hydrogen-to-methane ratio. Vlassiouket al. [82] studied the contri-
bution of hydrogen in the CVD growth of graphene at both LP and
AP conditions. They observed that a certain amount of hydrogen in
the CVD atmosphere was necessary in order to produce graphene. This
result was attributed to the dissociation of molecular hydrogen from the
atmosphere on the Cu catalyst to form active H- atoms in the Cu sur-
face and bulk. These active H- atoms promote the adsorption of active
C species on the Cu surface and thus act as co-catalyst for the graphene
growth. These active H- atoms also promote the dehydrogenation of
chemisorbed radicals (CHs)s into (CHza)s, (CH)s and Cs. The complex
graphene growth mechanism and the catalytic role of hydrogen are il-
lustrated by the following reactions:

Cu+H, +—2H-
Cu+ CH; — (CH;), + H-
Cu+ CH, +— (CH,),
(CH,), +H-«— (CH_,), + H,

(CH,), + graphene <— (graphene + C) + H,

They also found that graphene domains grown under a low Hs partial
pressure were exhibiting a relatively irregular shape while those grown
in the presence of a higher Hy partial pressure were forming very reg-
ular hexagons with 120°corners. This phenomenon was assigned to the
second role of Hs that can act as a reagent that etches away the "weak"
C-C bonds present on growing graphene domain edges. This effect is
represented by the reaction:
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H- + graphene <— (graphene - C) 4+ (CH,),

The etching effect obtained when using a high Hs-to-CHy ratio is also
believed to contribute reducing the nucleation site density [85].

The combined use of a high temperature [53, 54,78, 80, 86|, a low CHy
partial pressure [78,80,87] and a high Hs-to-CHy4 ratio [54, 83, 85, 88|
thus represent a key process requirement to be met in order to maintain
a low density of graphene domains with a compact shape and minimal
additional layers.

Cu foil ex-situ pretreatments

A major milestone toward the growth of large GDs consists in processing
the Cu foils in order to remove the Cu surface morphology irregularities
that have been shown to be preferential sites for nucleation, get rid of
the Cu surface contamination and improve the catalyst purity [53,89,90].
In this regard, ex-situ Cu foil treatments including wet surface cleaning
[91-94], mechanical/chemical/electrochemical surface polishing [53, 54,
92, 95], repeated growths [96] and Cu surface oxidation [87,97], have
been widely employed to improve the catalyst before loading it into the
CVD furnace.

Cu foil in-situ pretreatments

In-situ treatments, including long-duration high-temperature anneal-
ing [54,95,98-101], substrate melting/re-solidifying [83], Cu surface re-
crystallization [98,101] and Cu foil exposure to oxygen [102-104] taking
place during the CVD protocol prior to the graphene growth step, have
also been reported to reduce the nucleation site density. It appeared
that introducing oxygen during the heating of the CVD furnace or just
before initiating the graphene growth step is the most efficient approach
to reduce the nucleation site density. This phenomenon will be discussed
in more details in Chapter 6 and 7.
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Customized Cu foil geometries

Beside fine-tuning the CVD parameters and processing the Cu foil, a few
research groups employed more complex Cu foil geometries to further
boost the size and compactness of growing GDs. These particular geo-
metries — including either pockets/enclosures [88,105,106], stacks [107]
and rolled-up [107] made of Cu foils — were argued to create enhanced
growth conditions in the vicinity of the catalytic substrate compared
to the mainstream conditions present in the CVD furnace. Chapter 4
provides a more comprehensive review of the various fundamental mech-
anisms that play a role in improving graphene growth when employing
such Cu geometries.

Non-conventional CVD furnace configurations

Instead of carrying out the CVD process on a Cu foil lying flat on a ho-
rizontal support, the Cu foils have been placed into cuvettes [108-110)]
or restricted chambers [111,112] when loaded inside the CVD reactor.
These particular structures have been demonstrated to locally enhance
CVD conditions near the Cu catalyst and thus improve the graphene
results in a rather similar way as folding the Cu foils. More details
about the impact of these furnace configurations are also provided in
Chapter 4.

Presently, a few research groups achieved CVD-grown millimeter-size
and more recently centimeter-size GDs on Cu foils. These results are
summarized in table 2.1. This table provides information about the par-
ticular approaches employed, pressure regime, Ho-to-CHy ratio and tem-
perature. The graphene growth duration and graphene domain shape
and maximum lateral size give an indication of the graphene growth rate
and the growth behavior.



Table 2.1: Comparison of CVD parameters (growth pressure (Py.) and temperature (Ty,), Ho-to-CH,
ratio), and graphene growth results (domain size, shape and edge morphology) obtained using Cu foils
as catalytic substrates for the papers referenced in section 2.2.1.
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References Approach Pgr Ho/CHy _ Ter[°C] _ ter Morphology Max. size

Li et al. [78] CVD cond. tuning LPCVD ~0.06-0.3 1035 3min Flowers ~25 pm

Li et al. [105] Cu Enclosure LPCVD ~1.5-4 1035 > 1h Dendritic 0.5 mm
Yan et al. [54] In-situ anneal. ~144 mbar ~467 1077 7h Hexagonal compact | ~4.5 mm
Wang et al. [99] In-situ anneal. Medium PCVD ~1000 1045 15.5 min Squared compact ~350 pm
Zhang et al. [108] Cuvette LPCVD ~12.5 1000 30 min Dendrits ~100 pm
Jia et al. [79] CVD cond. tuning LPCVD ~6.7 1020 6 min Dendrits ~100 pm
Vlassiouk et al. [81] CVD cond. tuning AP/LPCVD ~1800 1080 3h Hexagonal compact | ~600pnm
Zhou et al. [85] pre-oxidation LPCVD ~1320-8800 1070 48 h Hexagonal compact ~5 mm
Gan et al. [113] In-situ oxidation APCVD ~2800 1050 > 10h Hexagonal compact | ~5.9 mm
Zhang et al. [80] CVD cond. tuning APCVD ~1000-8000 1050 n/a Round compact ~ 1 mm
Chen et al. [107] Cu tube LPCVD ~7.2 1035 3-6 h Dendritic compact ~2 mm

Hao et al. [102] Cu passivation LPCVD ~20 1035 10-800 min | Dendritic compact ~1 cm
Mobhsin et al. [83] Resolidified Cu APCVD ~2174 1075 300 min Hexagonal compact ~1 mm
Eres et al. [87] Pre-oxidized Cu LPCVD ~20 1040 2h Dendritic compact | ~1.5 mm
Wang et al. [110] Cuvette /oxid. LPCVD ~500 1050 <5h Hexagonal compact | ~1.9 mm
Li et al. [104] In-situ oxidation APCVD ~6000 1075 4-20 h Hexagonal compact ~1 cm
Song et al. [111] Cuvette LPCVD ~125 1060 1h Dendritic compact ~1 mm
Chen et al. [112] Restricted Chamber LPCVD ~22 1050 270 min Dendritic compact | ~0.8 mm
Miseikis et al. [106] Ex-situ oxid. /Cu encl. LPCVD ~20 1060 3h Dendritic compact | ~3.5 mm
Kraus et al. [103] In-situ oxidation LPCVD ~250-1000 950 30-60 min | Hexagonal compact ~1 mm
Wang et al. [114] Oxidation /conf. APCVD ~3500 1078 120 min Hexagonal compact ~3 mm
Lin et al. [115] Melamine treatment LPCVD ~5000 1020 <36 h Hexagonal compact ~1 cm
B.-Weimer et al. [90] | Ex-situ oxid. / polish. 50 mbar ~2889 1065 30 Hexagonal compact ~1 mm
Huet et al. [116] In-situ annealing 800 mbar ~673 1050 2h Hexagonal compact | ~2.4 mm
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2.2.2 Controlling the location of graphene domains

Although increasing graphene domain dimensions effectively contributes
to reducing the density of GGB-induced defects, the random location
of GGBs is particularly troublesome for fabricating electronic devices
arrays and circuits at the industrial scale as they require a high device-
to-device uniformity. For many practical applications, the fabrication
of graphene devices does not require single-crystals larger than a few
tens or hundreds of microns provided that these continuous defect-free
graphene regions are aligned accordingly with the target circuit archi-
tecture. Pre-determining the location of nucleation sites represents a
promising approach to ensure the fabrication of GGB-free devices while
circumventing the need for the growth of giant graphene domains. The
fabrication of complex circuits could thus be based on a series of well-
organized individual single-crystals of graphene with moderate dimen-
sions.

This strategy was first considered in 2011 by Yu et al. [117] that suc-
cessfully produced a spatially ordered array of graphene single crystals.
These crystals were grown from graphene seeds obtained by electron
beam lithography patterning of a continuous graphene sheet that has
been grown on the Cu substrate beforehand. Later that year, another
research group also obtained a spatially ordered array of graphene single-
crystals by locally depositing PMMA dots on the Cu foil surface. Upon
the high temperature CVD process, these PMMA dots locally create
a higher concentration of active C species that trigger graphene nuc-
leation [118]. Very recently, similar results have been obtained by de-
positing chromium dots or printing carbon precursors onto the Cu foil
surface prior to the graphene growth protocol [119,120].

Instead of pre-patterning seeds on the Cu substrate, Wu et al. [121]
devised a method to locally induce the super-saturation of active C
species in a single well-defined location on the Cu surface. This localized
super-saturation has been achieved using a quartz nozzle that forces the
precursor feeding into a small surface area of the catalytic substrate
made of a Cu-Ni alloy to improve the growth rate. Thanks to this
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method, they obtained an inch-scale single-crystalline graphene domain,
which is the largest graphene domain produced to date.

Locally tuning the methane feeding on the Cu surface has also been
exploited by Ding et al. [122] in order to control the location of graphene
domains. In this case, the methane feeding is realized by a perforated
Ni foil mask deposited on top of the Cu foil. The Ni foil is employed
to regulate the local methane concentration in the atmosphere nearby
the Cu foil surface. Graphene domains only grow if they are located
sufficiently far away from the Ni foil that locally depletes the methane
in its vicinity.
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2.2.3 Controlling the lattice orientation of graphene domains

In contrast to the two approaches described previously that aim at
avoiding the presence of GGBs in devices, this third strategy focuses
on reducing the impact of grain boundaries on the graphene’s physical
properties. Murdock et al. [123]showed that under particular CVD con-
ditions, there exists an epitaxial relationship between the growing GDs
and the underlying Cu grain crystallographic orientation. Although the
Cu substrate is polycrystalline, thermal treatments can be employed to
increase the size of Cu grains and thus expand the surface area on top
of which individual graphene domains will be aligned.

Aligned graphene domains have also been achieved by performing the
CVD graphene process on melted Cu [124-126]. When heated up at 1160
°C under atmospheric pressure conditions, it has been observed that
graphene domains are able to move on the liquid Cu surface and self-
arrange into a perfectly-aligned uniform graphene array. Using melted
Cu as substrate also has the advantage of producing graphene on a flat
and smooth surface compared with polycrystalline Cu foils that exhibit
cold-rolling-induced striations and grain boundary grooves.
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Table 2.2: Comparison of CVD parameters (growth pressure (Py.) and temperature (Ty,), Ho-to-CH,
ratio), and graphene growth results (domain size, shape and edge morphology) obtained using Cu foils
as catalytic substrates for the papers referenced in sections 2.2.2 and 2.2.3.

_ References _ Strategy _ Pgr _ Hy/CHy _ Tgr[°C| _ ter _ Morphology Max. size
Wu et al. [118] PMMA seeds APCVD ~1333 1050 20 min Hexagonal compact ~25 pm

Yu et al. [117] Patterned seeds APCVD ~4167 1050 10 min Hexagonal compact ~16 pm
Geng et al. [124] Melted Cu LPCVD ~50 1120 38 min Hexagonal compact | ~150pm
Wu et al. [125] Melted Cu APCVD ~267 1090 15 min Hexagonal compact | ~200pum

Murdock et al. [123] Cu orientation LPCVD ~100 1035 1 min Hexagonal compact ~5 pm
Wu et al. [121] Quartz Nozzle APCVD | ~10000 1100 2.5h Round compact ~1.5 inch
Ding et al. [122] Perforated Ni foil | APCVD ~2000 1075 30-480 min | Hexagonal compact ~1 mm
Miseikis et al. [119] Cr seeds LPCVD ~100 1060 30 min Hexagonal compact ~350 pm
Xu et al. [120] Printed C dots LPCVD ~1250 1045 50 min Hexagonal compact | ~400um
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2.3 CVD of graphene on copper films

This section provides a detailed and up-to-date description of the vari-
ous developments that have been achieved using thin Cu films instead
of bulk Cu foils as catalyst for the CVD growth of graphene. The first
growth of single-layer graphene on thin Cu film has been reported by
Levendorf et al. [127] in 2009. In that paper, they demonstrated that
uniform transistor arrays could be directly fabricated after the CVD
process on the synthesis substrate without any transfer process, thereby
avoiding a series of issues related to the transfer technique.

Lee et al. [128] showed that using a rigid, flat and smooth substrate such
as a thermally oxidized Si wafer could also be useful for improving the
graphene transfer method. First, the growth substrate is compatible
with standard CMOS technology techniques and can directly be pro-
cessed prior to the transfer step. Second, the as-grown graphene sheet
and the thin Cu film can be mechanically peeled from the substrate.
As a consequence, the classical PMMA-assisted transfer process, which
requires the Cu catalyst to be etched away, can be achieved more rapidly.

Cu thin films can also be employed to directly deposit graphene on vari-
ous dielectric substrates using a single-step CVD process [129]. In this
process, the Cu film is first employed as a catalytic substrate for the
graphene growth and consecutively employed as a sacrificial layer which
progressively sublimates during and after the high temperature graphene
growth process. This method was shown to easily deposit a continuous
graphene sheet with a surface area of about 20 pm? on various substrates
including thermally oxidized silicon, fused and single-crystalline quartz
and sapphire wafers. In the same vein, it has been found that that be-
sides forming a graphene layer on top of the Cu film, adsorbed active C
species are able to diffuse through the Cu film thickness (mainly through
the Cu grain boundaries) and form graphene at the interface between
the Cu film and the underlying SiOy/Si substrate [130,131]. This Cu-
film-assisted CVD method can thus be used to directly deposit graphene
on various substrates.
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Issues related to the inter-diffusion between the Cu film and the under-
lying SiO2/Si substrate have been first reported by Howsare et al. [132].
The instability of the Cu/SiOz interface during the high temperature
CVD process leads to the formation of Cu-Si-O at the Cu top surface
which adversely impacts graphene quality. Given the high temperature
process, they showed that metallic (Ni, Cr, W) and dielectric (SigNy,
Aly03, HfO9) diffusion barriers were only having a limited effect on the
stabilization of the interface.

Tao et al. [133] reported in a first paper that high-quality graphene could
be obtained using a graphene growth step performed at low temperat-
ure (875 °C) and without hydrogen. They argued that in contrast to
Cu foils, Cu films exhibit a predominant Cu(111) crystallographic ori-
entation which can absorb a greater amount of hydrogen during the Cu
annealing step and release it during the growth step. In a second paper,
they claimed that the predominance of Cu(111) crystalline orientation is
a key process parameter to grow a uniform graphene sheet with a quality
comparable to exfoliated graphene over an entire 3-inch wafer [134].

All the aforementioned papers did not mention any graphene domain
size or shape as they have been published before the graphene domain
lateral size was considered as a figure of merit for graphene structural
quality. In 2013, Jacobberger et al. [88] published a comprehensive study
of the evolution of graphene domain shape and density as a function of
the Cu surface orientation, global pressure and Hs-to-CHy ratio. Epi-
taxial Cu films with (100), (110) and (111) surface orientations have
been obtained by Cu evaporation on crystalline MgO(100), MgO(110)
and sapphire(0001) substrates, respectively. By enclosing Cu film pieces
in a Cu foil pocket, they obtained graphene domains with a very dend-
ritic shape and more compact square-shaped graphene domains with
lateral dimensions reaching ~360 pm and ~125 pm, respectively.

In the ensuing years, a few papers reported the use of epitaxial Cu



2.3. CVD of graphene on copper films 25

film deposited on sapphire or spinel to grow compact hexagon-shaped
graphene domains with a maximum lateral size of ~200pm [135-137].
To our knowledge, the largest graphene domains ever grown on thin
Cu film reach a maximum lateral size of 1.6 mm [138]. The procedure
employed to reach such a result is described in Chapter 6.
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Table 2.3: Comparison of CVD parameters and graphene growth results obtained using Cu films as

catalytic substrates.

Papers 7 Cu thickness 7 Annealing Pgr 7 Ho/CHy 7 Ter [°C] 7 tgr 7 Max. size 7
Levendorf et al. [127] 500 nm No anneal. LPCVD ~ 0.2 1000 20 min n/a
Lee et al. [128] 700 nm 25 min, 1000 °C, H» APCVD ~ 0.3 1000 ~5 min n/a
Ismach et al. [129] 100-450 nm No anneal. LPCVD ~ 0.06 1000 15 min-7h n/a
Su et al. [130] 300 nm 25 min, 750 °C, Ho LPCVD ~ 0.2 900 ~5 min n/a
Kaplas et al. [131] 100-300 nm No anneal. LPCVD ~ 1 950 n/a n/a
Howsare et al. [132] 500 nm 30 min, 700 °C, Ha n/a ~ 0.2 1000 ~10 min n/a
Tao et al. [133 0.5-1pm 5 min, 875 °C, Ha n/a ~0 875-900 ~5 min n/a
Tao et al. [134 1-1.5um 5 min, 975 °C, Ha n/a ~0 975 ~5 min n/a
Jacobberger et al. [88] n/a No anneal. LP/APCVD | 0.1-480 | 850-1050 n/a 360 pum
Lee et al. [139] 0.5-1.5nm 240 min, 1000 °C, Ha LPCVD 0.5 1000 45 min ~5-10 pm
Miller et al. [136] 450 nm 1h, 1050 °C, Ha LPCVD ~ 0.8 1050 40 min 200 pm
Ago et al. [135] 500 nm 40 min, 1000 °C, Ha APCVD ~ 2200 1075 20 min 100 pym
Ago et al. [137] 500 nm 40 min, 1000 °C, Ha APCVD ~ 2200 900-1080 | 60-90 min 70 um
Huet et al. [138] 1.2pm No anneal. 750 mbar ~ 700 1050 90 min 1.6 mm
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2.4 Discussion: thin Cu films vs. Cu foils

Although a Cu film seems to be a more convenient platform for the
realization of graphene-based practical applications and for the rigor-
ous study of graphene growth mechanisms, the literature shows that Cu
films are underexploited compared to Cu foils.

The key challenge for growing large GDs on Cu film lies in maintaining
the Cu film’s physical integrity upon the high temperature CVD process
while using appropriate CVD conditions. Cu film degradation mainly
arises from Cu evaporation loss [139], Cu film dewetting [129] or Cu
interdiffusion with the underlying substrate [132]. Given that exposing
the Cu film to high-temperature low-pressure conditions for an extended
period of time severely damages the Cu film, the CVD protocol must be
adapted.

Unfortunately, the CVD conditions that yield the best results in terms
of graphene growth are also the ones that contribute the most to the
Cu film degradation. Although this negative aspect is not directly and
clearly emphasized in the literature, it can be readily observed by com-
paring tables 2.1 and 2.3. When growing graphene on thin Cu film,
particular attentions have been directed to (i) shorten or avoid the Cu
annealing step, (ii) decrease the growth temperature, (iii) shorten the
graphene growth step, thus using moderate Hy-to-CHy ratio to obtain
a decent graphene growth rate and (iv) avoiding ultra-high vacuum or
low pressure CVD processes.

These Cu film-induced limitations are clearly reflected in table 2.3. For
instance, the growth temperature (Tgy) is usually kept below 1000 °C
and the growth duration (tg) is shorter than 1 hour. The best results
obtained on Cu films (aside from those achieved in this work) have been
obtained on epitaxial Cu films that intrinsically exhibit a better adhe-
sion to the underlying substrate and are less prone to suffer from voiding
and dewetting. Moreover, these works have been achieved under ambi-
ent pressure conditions which reduces the Cu evaporation loss by about
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3 orders of magnitude compared to LPCVD processes.

Unlike Cu films, Cu foils are more robust and can withstand harsher
conditions including long Cu annealing step, graphene growth temper-
ature close to the Cu melting point (regardless of the employed global
pressure regime) and graphene growth durations exceeding a couple of
hours (see table 2.1).

These considerations explain why many research groups demonstrated
the growth of millimeter-size graphene domains on Cu foils while only
the work carried out in the framework of this thesis accomplished such
result on thin Cu films.



Chapter 3

Materials and Methods

This chapter describes the main equipment and materials that have
been employed to study the synthesis of graphene. The first section
describes the CVD equipment that has been initially operated to pro-
duce graphene. Section 3.2 presents the various available alternatives in
terms of Cu substrates that have been used as catalytic surfaces for the
chemical deposition of graphene. Section 3.3 then provides details on
the graphene transfer procedure that has been widely employed during
this research and how the method can be improved. Finally, section
3.4 describes the various characterization tools that have been used on
a daily basis to assess graphene’s domain size, structural quality and
number of layers at the macro, micro and nanoscale.

29
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3.1 Initial CVD equipment

The CVD equipment initially used in this research (illustrated in Fig.
3.1) was composed of the following elements:

1. CVD furnace: The CVD furnace is made up of a horizontal hot-
wall CVD reactor (1.2 meter-long quartz tube with a 4-inch outer
diameter) embedded in a double layer steel casing. The heated
zone of the tube (~ 44 cm) is encased inside an alumina refractory
sheath which contains the heating elements (Mo-doped Fe-Cr-Al
Alloy). The furnace temperature is adjusted with a proportional-
integral-derivative (PID) controller and a thermocouple (K-Type,
Ni-Cr/Ni-Al, 220mm long, with ceramic sheath) which is in direct
contact with the quartz tube. This system has been purchased in
2012 to MTT corporation.

2. Gas feedstock: The CVD furnace is supplied by 3 gas bottles pur-
chased to Praxair: pure Ar (Research grade, 99.9999%), pure CHy
(Research grade, 99.9999%) and an Ar/Hs gas mixture (5%).

3. Mass flow controllers (MFCs): The gas flow rates introduced in
the CVD furnace are monitored and controlled using thermal mass
flow controllers (Sevenstar, DO7 series). These mass flow control-
lers feature various flow rate controlling ranges (also called "full
scales", F'S) and are usually calibrated using nitrogen (N32). The
actual gas flow rate injected can thus be calculated by multiply-
ing the gas flow value displayed on the flow reader with the factor
provided in Table 3.1.

Table 3.1: Summary of full scales and calibration factors for the
three MFCs connected to the CVD furnace.

MFC | Full scale | Gas Factor
1 100 scem | CHy 0.719
2 200 sccm | Ar/Hs 1.32

3 500 sccm | Ar 1.415
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4. Pumping system: The gas exhaust is achieved by a pumping sys-
tem connected to the outlet of the CVD furnace. This system
(HiCube 30 Eco) has been purchased to Pfeiffer Vacuum and is
composed of a turbo-molecular pump (HiPace 30) and a dry (oil-
free) diaphragm pump (MVP015-2 DC).

5. Throttle valve: The gas pressure inside the CVD system is coarsely
controlled with a throttle valve placed between the CVD furnace
outlet and the pumping system.

6. Pressure gauge: The global pressure present inside the CVD sys-
tem is measured using a cold cathode/Pirani hybrid gauge (PKR251,
Pfeiffer vacuum) which has been designed for vacuum measure-
ment in the 5x10™-1000 mbar pressure range.
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Figure 3.1: a) Schematic representation of the entire CVD system.
b) Photograph of the CVD furnace (with the lid open). c¢) Photograph
of the outlet of the CVD furnace with the pressure gauge, the throttle
valve and the pipe going towards the pumping system.
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3.2 Copper catalysts fabrication

The moderate catalytic activity and the low carbon solubility of Cu
make it a perfect candidate for being used as a synthesis substrate for
the chemical vapor deposition of graphene. In this thesis, two different
types of copper catalysts have been studied: thin Cu films pre-deposited
on 3-inch wafers and Cu foils.

3.2.1 Copper Foils

The Cu foils employed to grow graphene have been purchased to Ad-
vent Research Materials Ltd. They are available in a variety of thick-
nesses (ranging from 7 to 500 pum) and purities (ranging from 99.9% to
99.998%). In this thesis, the CVD experiments have been conducted
using Cu foils with various thicknesses including 7, 25, 50 and 100 pm.

3.2.2 Thin Copper Films

The Cu films have been fabricated by electron beam evaporation of Cu
pellets (Kurt J. Lesker Company, 99,999% pure) on various substrates:

1. SiO2/Si wafer: Thermally oxidized Si wafers represent an attract-
ive supporting material for the Cu film for different reasons: (i)
silicon wafers are the standard in the semiconductor industry and
are relatively cheap (Siegert Wafer Gmbh, ~275 euros/25 wafers),
(ii) the silicon oxide quality and thickness can be easily tuned as
it can be fabricated in the WINFAB! facility and, (iii) the SiO2/Si
can be used as a back gate which is convenient for directly fabric-
ating field-effect devices on the synthesis substrate.

Unfortunately, it has been found that silicon is a strong contamin-
ant for the CVD process and more particularly for the Cu catalyst

I'WINFAB, standing for Wallonia Infrastructure Nano FABrication, is a micro- and
nano-fabrication platform consisting of a 1000 m? cleanroom on the site of Louvain-
la-Neuve.
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which is prone to form Cu-Si alloys under the high temperature
conditions of the CVD process. It is thus critical to avoid the ex-
position of silicon to the CVD atmosphere (see Section 4.2). In
order to address the Si-induced Cu catalyst poisoning, alternative
supporting substrates have been explored.

2. Fused quartz wafers: Instead of using a Si wafer coated with a

thin layer of SiOg, we purchased pure fused SiO2 wafers (Prime
Wafer, 3-inch diameter, 500-pm thick, surface roughness Ra < 1.2
nm, ~1500 euros/100 wafers). The chemical inertness, the high
tolerance to high temperature operations (resistant to wide tem-
perature gradients and high heat rates, softening point of ~1683
°C, thermal expansion coefficient of ~5.5x10"7 m/m at 300 °C),
the high purity and the high cleanliness (compatible with semi-
conductor standard cleaning process) meet the high demands for
the achievement of a repeatable, reproducible and successful CVD
process.

3. Sapphire wafers: Sapphire substrates are single crystals of Al,O3

with a hexagonal crystalline structure and are usually available in
C, R, A and M plane orientations. Sapphire wafers (Prime Wafer,
3-inch diameter, C-plane + 0.5 orientation, 430 £+ 15 um, epi pol-
ished, ~1450 euros/25 wafers) have also been purchased in order to
control the texture of the polycrystalline Cu film, that is, the dis-
tribution of crystallographic orientations of Cu single-crystals (also
called "grains"). As part of this thesis, C-plane orientation (0001)
has been chosen in order to favor the development of the Cu(111)
out-of-plane Cu film orientation. This epitaxial relationship comes
from the fact that the Cu(111) surface has a hexagonal symmetry
with a nearest-neighbor interatomic distance of 0.255 nm which
matches with the hexagonal symmetry of C-plane sapphire which
has an interatomic distance of about 0.238 nm (different from the
lattice constants a = 0.4763 nm and C' ~ 1.3 nm often referenced
in the literature). In the most stable configuration, the Cu atoms
are filling the octahedral interstitial sites in sapphire [140].
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3.2.3 Intermediate Cu substrate results and discussion

Controlling the microstructure, texture and Cu substrate surface mor-
phology is of central importance to achieve a graphene film with optimal
physical properties. Increasing the copper grain size is essential in or-
der to decrease the density of Cu grain boundary grooves that disturb
the planarity of graphene and make it more prone to wrinkle once trans-
ferred. On the other hand, controlling the texture and more particularly
harmonizing the Cu surface crystallographic orientation can contribute
to reduce the misalignment between GDs. Better aligning GDs would
potentially help reducing the detrimental effect of GGBs on the physical
properties of the polycrystalline graphene sheet (as explained in subsec-
tion 2.2.3). Unlike Cu films that have their surface roughness mainly de-
termined by the grain size and the depth of the grain boundary grooves,
the Cu foils present a relatively rough surface characterized by periodic
striations that are due to their cold-rolling-based manufacturing process.

Cu films

The modification of the Cu substrate texture and microstructure are
mainly driven by the minimization of the surface, interface and internal
strain energies and takes place through various diffusion processes [141].
In Cu films, these processes can thus occur during the Cu e-beam evap-
oration, after the deposition and/or during post-deposition annealings
such as the chemical vapor deposition of graphene. During the Cu evap-
oration process, Cu vapor condenses on the substrate and forms small
Cu islands. As the Cu deposition proceeds, these islands grow in three
dimensions and eventually merge to form a continuous film. Any further
supply of Cu contributes to the Cu film thickening and the formation
of a columnar grain structure. This particular microstructure is caused
by the fact that Cu atoms arriving on the growing film follow the crys-
tallographic orientation of the grains (also called crystallites) they are
attaching to.
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In general, the microstructure and texture of as-deposited films are es-
sentially controlled by the deposited material, the selected substrate
and the deposition conditions. In the context of this thesis, the Cu film
have been achieved using the e-beam evaporation equipment (Vacotec)
present in the WINFAB platform which features a rather limited range
of deposition conditions. It is found that the Cu deposition rate, which
can be adjusted in theory in the 0.1-10 A/s range?, has little or no
impact on the microstructure of the as-deposited Cu film.

Figures 3.2 and 3.3 show a 1.6 pm-thick Cu film as-deposited on fused
quartz and crystalline sapphire, respectively. The columnar crystallite
structure can be observed on the Cu film cross section once the Cu sub-
strate is cleaved. Cu film surface images show that for both substrates,
the size of the crystallites is the 40-100 nm range. The small crystallite
size results from the relatively low temperature of the substrate during
the evaporation process (near room temperature) which significantly
limits thermally-activated processes and thus hinders the microstruc-
ture evolution. On the other hand, the crystallite’s texture differs from
one substrate to another as the Cu(111)orientation is epitaxially depos-
ited on sapphire while the amorphous nature of the thermally oxidized
silicon and fused quartz substrates does not yield a distinct texture.

For the growth of graphene, the Cu film microstructure and texture
obtained just before the onset of graphene growth is of greater interest
than those achieved right after the Cu film deposition process. The CVD
protocol usually comprises a CVD furnace warming step and a Cu sub-
strate annealing step prior to graphene growth. The high temperature
employed during these steps promotes the diffusion of Cu atoms within
the Cu film and causes a drastic modification of its microstructure and
texture.

The photograph in Fig. 3.4 shows Cu films deposited on both fused
quartz and crystalline sapphire substrates after a typical pre-CVD an-
nealing process (consisting of a 1-hour-long heating step and 30-min-long

2@Given that the CVD process requires a Cu film with a thickness exceeding 500 nm
and given that overheating the crucible drastically reduces its life time, the deposition
rate can be adjusted in the 2-5 A/s range in practice.
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Figure 3.2: E-T SEM images of a 1.6 nm-thick Cu film deposited
on a fused quartz substrate. The Cu substrate has been cleaved in
order to observe the Cu film cross-section. b) Higher magnification
image of the surface area pointed out by the red rectangle in (a).

500 nm.

Figure 3.3: E-T SEM images of a 1.6 nm-thick Cu film deposited on
crystalline sapphire substrate. The Cu substrate has been cleaved in
order to observe the Cu film cross-section. b) Higher magnification
image of the surface area pointed out by the red rectangle in (a).
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20 pm

Figure 3.4: Comparison of the Cu film microstructure obtained upon
annealing when it is deposited on a fused quartz and on a sapphire
substrates. E-T SEM images obtained on the Cu film pre-deposited
(a,b) on sapphire and (c-d) on fused quartz substrates.
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annealing step at 1050°C). The difference in the reflectivity that can be
observed with bare eyes arises from the marked Cu film surface mor-
phology difference. Figures 3.4a and 3.4b show the ultra smooth grain-
boundary-groove-free Cu surface obtained using sapphire as a substrate.
Given that the film has been epitaxially deposited on the sapphire sub-
strate, all Cu crystallites have the same out of place orientation and can
seamlessly merge together to become what seems to be a 3-inch single-
crystalline Cu film. In contrast, annealing the Cu film deposited on the
fused quartz material causes the crystallites to grow and become Cu
grains that expand through the entire Cu film thickness (see Fig. 3.4d)
and over a few tens or hundreds of micrometers in the Cu film plane.

The ~2000-fold improvement of the Cu grain size achieved upon the
thermal treatment evidences that the pre-growth Cu annealing has a far
greater impact on the microstructure and texture compared with the
conditions of Cu film deposition. As a consequence, it is rather pointless
trying to fine-tune the deposition parameters such as the deposition rate.
It seems rather evident that customizing the e-beam evaporation equip-
ment in order to maintain the substrate at a certain temperature (higher
than room temperature) during the deposition process would have had
a negligible impact compared with the temperature achieved during the
CVD which is very close to the melting point of copper (T;,,=1084 °C).

Cu foils

Compared to thin Cu films, as-received Cu foils exhibit a strong surface
morphology originating from their fabrication process. Striations with
rather similar depths and widths are observed on Cu foils regardless of
their thickness as shown on the optical pictures and the profilometer
scans in Fig. 3.5.

In the case of Cu foils, the microstructure and texture are predominately
dictated by the pre-growth thermal treatment. The size of Cu grains es-
sentially depends on the Cu foil thickness, the annealing temperature,
the annealing duration and the purity of the Cu foil. Exposing the Cu
foils to high temperature (T~1050 °C) for about one hour leads to the
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Figure 3.5: Optical microscopy images (left panel) and surface mor-

phology profiles (right panel) taken on the surface of as-received Cu

foils with thicknesses of (a-b) 7Tum, (c

(e-f) 50 pm and

-d) 25 pm,

(9-h) 100 pm. Profilometer parameter:

2.5 pm,

stylus tip radius:

scanning length: 500 nm and vertical force: 3 mg
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formation of Cu grains that extend over the entire Cu foil thickness and
a few millimeters in the Cu foil plane as shown in Fig. 3.6. Due to the
high temperature thermal treatment, the Cu foil softens and conforms
with the surface on which it is deposited (a ceramic boat or some pieces
of quartz-made glassware). When the Cu surface stays in close contact
with the second material for a relatively long time, the Cu foil locally
melts and sticks to the supporting material. For moderate exposure
durations to high temperature (<80 min at T<1050°C), this softening
and sticking phenomenon is quasi inexistent for 50- and 100-pm-thick
Cu foils while it prevents the use of 7-pm-thick Cu foils that are more
delicate and prone to tear at the grain boundary grooves as shown in
Fig. 3.6a.

As a consequence, the 25- and 50-pm-thick Cu foils have been preferred
over the 7-pm-thick one for the CVD experiments conducted in this
thesis (see Chapter 7). The 100-pm-thick Cu foils have not been used
very often for a few reasons. First, the greater amount of Cu material
makes these Cu foils more expensive than thinner foils. Second, the
transfer step of graphene requires the Cu foil to be completely etched
away in a Cu etching solution. Using a thicker Cu foil thus makes that
process step more time and resource consuming. In a more scientific
point of view, thicker Cu foils can store a larger amount of carbon and
oxygen atoms that play a role in graphene growth. Therefore, minim-
izing the thickness makes the CVD growth process more controllable.
Finally, the high-temperature of the CVD process causes the Cu foils
to soften and conform to the underlying substrate, thereby reducing the
gap separating the foil from its supporting substrate. Reducing this gap
is beneficial to reduce the growth of parasitic multilayer graphene re-
gions (see Chapter 7). It is thus more interesting to have Cu foils with
thicknesses comprised between 25 and 50 micrometers that better con-
forms to the underlying substrate upon the high temperature treatment.

On the other hand, the texture also strongly varies upon the thermal
treatment. Given the high temperature CVD process (Tg>1000 °C)
which is close to the Cu melting point, the excess of strain energy ori-
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Figure 3.6: Optical microscope images of Cu foil surfaces after a
typical Cu annealing process (1-h-long heating step and a 30-min-

long plateau at 1050° C). Images in (a), (b), (c), and (d) correspond

to Cu foils with thicknesses of 7, 25, 50 and 100 pm, respectively
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ginally present in the as-received Cu foil or engendered during the heat-
ing ramp vanishes. Hence, the excess of strain-related energy does not
contribute to the microstructure/texture evolution. Therefore, the main
driving force concerns the minimization of energy of the free surfaces of
the grains, that is the energy corresponding to the Cu grain surfaces at
the Cu foil topside and backside. As the surface energy density of (111)
texture is inferior to those of (110) and (110) textures, it is expected
that Cu(111) grains will develop at the expense of other Cu grains with
other orientations [142].

As explained in the literature review in chapter 2, the Cu foils can be
prepared ex-situ in order to address the Cu surface morphology issues.
The Cu foil rolling striations are most often suppressed using a chem-
ical /mechanical polishing method which consists of two successive steps:
the diamond polishing (DP) and the oxide polishing (OP). DP employs
small diamond grains as an abrasive which, due to their hardness, cut ex-
tremely well through all materials and phases and thus leads to fast and
efficient material removal. These diamond grains however tend to pro-
duce fine scratches in soft and ductile materials such as copper. These
scratches are removed using a colloidal suspension of silica with a pH
of about 9.8 which provides both a chemical action and fine and gentle
mechanical abrasion. In practice, the DP (MD-mol surface, DiaPro Mol
R3, 3-um-large diamonds, 150 rpm, 2 min) and OP (MD-Chem sur-
face, OP-S NonDry, 0.04-pm-large silica grains, 150 rpm, 2 min) steps
have been achieved using Struers materials and procedures. This pro-
cedure greatly improves the surface morphology as shown in Fig. 3.7a.
Although very fine scratches are still present on the Cu surface, they
vanish after a one-hour-long Cu annealing step at 1050 °C and near
ambient pressure conditions as shown in Fig. 3.7b.
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Figure 3.7: Optical images of Cu surface after an ex-situ chem-
ical/mechanical polishing process (a) before and (b) after a typical
high temperature Cu annealing step.
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3.3 PMMA-assisted transfer of graphene

The industrial production of graphene-based devices requires the de-
velopment of a large-scale high-quality graphene synthesis technique in
conjunction with a reliable and scalable transfer method. This transfer
step is required to separate graphene from its synthesis substrate and
move it onto a device-compatible substrate (typically an insulator). It
is crucial for device performance, yield and uniformity that graphene’s
physical properties are not degraded upon the transfer process.

Besides the scotch tape transfer initially used for the micro-mechanical
exfoliation of graphite, the first transfer process has been demonstrated
in 2008 by Reina et al. [143] who successfully transferred exfoliated
graphene flakes pre-deposited on a SiO2/Si substrate onto a second
SiO4/Si substrate or poly(dimethylsiloxane) (PDMS). Their method was
based on the spin-coating of a thin PMMA film on the first SiOy surface
containing the graphene flakes, the wet etching of the SiOs layer in a
NaOH solution, the transfer of PMMA /graphene film onto the target
substrate and the PMMA removal using acetone.

It did not take long before the first demonstration of the transfer of
CVD-grown graphene. Soo Kim et al. [144] transferred graphene grown
on a thin Ni film substrate onto a SiO2/Si substrate using a PDMS
stamp that has been cured directly on the graphene film. Since then,
the scientific community has generated extensive literature and prac-
tice on transferring graphene onto various device-compatible substrates.
Most of the techniques reported so far proceed as follows: a temporary
supporting layer is deposited on graphene to improve its mechanical sta-
bility, the graphene/support stack is then separated from the synthesis
substrate and gently deposited on the target substrate where the sup-
porting layer is finally removed. These techniques however differ by (i)
the origin of graphene (exfoliated from graphite, CVD on metals, growth
on SiC), (ii) the nature of the supporting layer (scotch tape, PMMA,
PDMS, metal film, thermal release tape, polycarbonate, h-BN), (iii) the
graphene initial substrate removal approach (mechanical peeling, wet
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etching, electrochemical delamination or etching, wet delamination), (iv)
the graphene deposition approach (wet scooping, elastomer stamp, roll-
to-roll/stamp, hot pressing), (v) the supporting layer removal, and (vi)
additional intermediate steps.

3.3.1 Transfer procedure

Although numerous techniques have been developed, the scientific com-
munity did not reach a common agreement on a specific transfer pro-
cedure which is scalable, clean and maintains the structural integrity of
graphene. In the framework of this thesis, CVD-grown graphene has
been routinely transferred from the Cu foil or film onto a SiO2/Si sub-
strate using the classic PMMA-assisted wet transfer method described
in Fig. 3.8.

PMMA layer

Cu substrate

Si/Si02

Figure 3.8: General process flow for the PMMA-assisted transfer
procedure: (1) PMMA spin-coating directly on the graphene/Cu sub-
strate, (2) Cu removal in a Cu etching solution and graphene rins-
ing with de-ionized water, (3) graphene/PMMA scooping with the
Si0y/Si substrate and, (4) PMMA removal with acetone.
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Although this method has major disadvantages for the realization of high
performance electronics (see subsection 3.3.2), this method is suitable
for graphene characterization purposes in the sense that it allows the
rapid transfer of large surface areas. The detailed procedure consists of
the following steps:

1. PMMA spin-coating: PMMA (950 PMMA A9, MicroChem) di-
luted in anisole (99%, Sigma-Aldrich) is directly spin-coated on
the graphene for one minute. Depending on the rotation speed
and the dilution of PMMA, various thicknesses can be obtained
varying from ~60 nm to ~2100 nm with 6000 rpm of 2% PMMA
and 1000 rpm of 9% PMMA, respectively. In the case of graphene
grown on Cu foils, the graphene sample is placed on a rigid and
flat support (i.e. a dummy Si wafer) in order to ensure the depos-
ition of a uniform PMMA layer. Unfortunately, the liquid PMMA
tends to penetrate underneath the Cu foil and propagate at the
interface between the Cu foil backside and the support, which is
very undesired given that the Cu foil has to be etch away after-
wards in the Cu etchant. To avoid this phenomenon, the Cu foil
is carefully attached using Kapton tape on the sample edges, thus
making the Cu foil backside hermetically sealed. Also in the case
of Cu foils, the PMMA /Gr/Cu stack is detached from the support,
flipped and re-attached hermetically on it (using Kapton tape) in
order to etch graphene grown on the Cu foil backside using an
oxygen plasma. Protecting the topside from the oxygen plasma
is essential to avoid the degradation of PMMA layer including its
thinning that would make it more fragile or its reticulation that
would make the PMMA layer more difficult to remove at the end
of the transfer process. Etching the graphene on the Cu foil back-
side is crucial in order to have a uniform and rapid Cu etching and
avoid the redeposition of agglomerated graphene fragments on the
bottom side of the floating graphene/PMMA film once the Cu is
etched away.

2. Cu substrate etching and graphene rinsing: The sample is de-
posited on the surface of a Cu etchant bath consisting of either ac-
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tivated FeCls (C.I.F), Ammonium persulfate (APS) (Merck, Mil-
lipore Corp, extra pure) or a commercial Cu etchant (Cu etchant
49-1,electronic grade, Transene inc.) based on citric acid (pH=5.9-
6.5). Once the Cu substrate is totally etched away, the etching
solution is gently and gradually replaced by de-ionized water in
order to rinse graphene.

3. Graphene/PMMA scooping: The graphene/PMMA stack float-

ing on the de-ionized water is scooped by the target substrate and
let to dry.

4. PMMA removal: The PMMA layer is then removed using a warm

acetone bath (50 °C) for at least 1 hour. The bath is then naturally
cooled down to room temperature before successively rinsing the
sample with fresh clean acetone, isopropanol, methanol and water.
If necessary, PMMA residues can be removed using PG remover
(MicroChem) or diluted acetic acid.

3.3.2 Transfer-related challenges

There are four major areas of concern when considering the development
of an efficient transfer method and the fabrication of high performance
graphene-based devices:

1. Contamination Performance of graphene electronic devices is often

reduced by contaminants introduced during the transfer process
steps. These contaminants, trapped in direct contact with car-
bon atoms composing the single-layer graphene, act as extrinsic
scattering centers and reduce carrier transport properties. Two
different kinds of residues can be induced during the transfer pro-
cess:

e Polymer residues: The exposure of graphene to polymeric
supporting materials inevitably contaminates the graphene
surface with residues which are not easy to remove with stand-
ard solvents due to their strong van der Waals interactions.
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e Metallic particles: Wet etching of metal substrate also con-
tributes to graphene contamination through oxidized metal
particles which are not easily washed off.

2. Physical integrity Single-layer graphene is prone to ripping, tear-
ing and folding. Cracks and tears into the graphene film decrease
device yields and weaken graphene-based suspended structures.
A supporting layer is often used to facilitate the handling of the
single-layer graphene during the delicate and cumbersome process
steps. However, using a supporting layer involves additional pro-
cess steps that may introduce defects.

3. Chemical purity Wet chemical processes are often used to get rid
of the growth substrate or the supporting layers. Etching solutions
can react with graphene and functionalize its surface by adding
oxygen-based compound (hydroxyl, carbonyl, epoxy). Choosing
chemicals that cannot create new covalent bonds with carbon atoms
is critical to maintain graphene’s excellent physical properties.

4. Mechanical stress Cu substrate surface is not atomically smooth,
especially after the synthesis substrate microstructure evolution
taking place upon the high temperature CVD process. Graphene
growth follows the rough Cu surface and mimics its morphology.
Transferring this non-planar graphene sheet onto a smooth rigid
and flat surface is very likely to result in local stress and wrinkles
in the graphene sheet.

In this context, the wet PMMA-assisted method is not very convenient
for the realization of electronic devices with optimal performances as it
results in PMMA residues, water molecules trapped at the graphene/SiOq
interface along with remainders of Cu and Cu etchant. Moreover, the
physical integrity of the transferred graphene film significantly depends
on the operator’s dexterity. The transfer process deleterious impact can
however be mitigated by adapting the procedure and using a few tricks.

First, PMMA residues can be reduced by avoiding any baking steps. Al-
though the PMMA is often baked (at about 120 °C for a few minutes)
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in order to get rid of residual solvents (anisole) after the spin coating, it
is preferred to let the PMMA layer dry under ambient air at room tem-
perature overnight. Baking the PMMA makes it stick more to graphene
and thus makes it more difficult to remove. In the same vein, heating
the Cu/graphene sample (prior to PMMA deposition) in order to make
graphene domain visible also makes PMMA more difficult to remove
after the transfer process. Figure 3.9 shows that PMMA has a better
adhesion with graphene than SiOy when the Cu foil has been baked
(200 °C for 3 min) prior to the transfer process and when the PMMA
is baked on a heating plate for 5 min at 120 °C. It is also essential to
avoid the exposure of the PMMA layer to the Os plasma employed to
etch the graphene on the Cu foil backside as it also makes the PMMA
more resistant to solvents.

Figure 3.9: Optical microscope image of CVD graphene transferred
onto a Si0z/Si substrate using baked PMMA as supporting layer.

The contamination resulting from the Cu removal step can be also re-
duced by conducting a proper rinsing. In order to limit the consumption
of FeCls, the Cu etching is achieved using a watch glass dish as shown in
Fig. 3.10a. Once the Cu substate etching is completed (see Fig. 3.10b),
de-ionized (DI) water is gently added to the bath to start the rinsing
process. Given that the Cu etchant and Cu ions are heavier than water,
gently pouring water results in a heterogenous mixture as shown in Fig.
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Figure 3.10: Photographs showing the various sub-steps involved
in the Graphene/PMMA film rinsing procedure. a-b) the Cu foil is
etched away for about 30 min (for a 25-uym-thick foil). The rinsing
proceeds by (c) gently adding DI water to the bath while (d) with-
drawing the by-product of the Cu etching reaction from the watch
glass bottom where it concentrates. Repeating this procedure leads to
a colorless bath (f).
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3.10c. Owing to the particular geometry of the watch glass, the concen-
trated FeCls and Cu etching by-products can be directly collected from
the bottom of the glass watch using a pipette (see Fig. 3.10d). After a
few successive DI water additions and FeCls withdrawals, a clear solu-
tion is obtained. Although this solution is colorless, directly scooping
the PMMA /graphene layer would result in a strong contamination and
a poor adhesion of graphene on the target substrate. In order to obtain
a better rinsing, the small volume of the dish along with the floating
graphene/PMMA film is poured into a 2-liter glassware tank. After 30
min, the watch glass dish is used to scoop the graphene/PMMA film and
transport it into a second 2-liter glassware tank. After repeating this
step at least 3 times, the cleanliness of the graphene is greatly improved.

The density of wrinkles and most likely the strain of graphene can be
reduced by making the SiOo surface more hydrophilic. Using an Oo
plasma or immersing the SiO9 in a warm Piranha bath (H2SO2+H202)
for a couple of minutes as pre-treatment helps the graphene/PMMA film
spreading on the SiOy surface after the scooping process step. In con-
trast, having a hydrophobic SiOy makes the graphene/PMMA film pill-
ing up on itself because the contact angle of the water trapped between
the graphene and SiOy makes the PMMA /graphene film spread over a
SiO9 surface area smaller than the its actual surface area as shown in
Fig. 3.11.

As the drying proceeds, the water flows along the graphene/SiO9 inter-
face towards the sample edges and the capillarity forces gradually pull
the film made of PMMA and graphene down in close contact with the
underlying SiOg surface. The excess of PMMA /graphene film surface
area turns into transfer-induced wrinkles as shown in Fig. 3.11. The
macro-scale wrinkles observable with bare eyes in Fig. 3.11a-b turn into
very thin wrinkles as visible with the optical microscope in Fig. 3.11f.
Making the SiO2 hydrophilic contributes to reducing the phenomenon.

The physical integrity of graphene strongly depends on how the thin
PMMA /graphene film is handled once the Cu foil or film is etched away.
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Figure 3.11: a-b) Photographs of the PMMA /graphene film on a
Si02/Si wafer after the scooping transfer step. c-f) Optical micro-
scope images of the PMMA /graphene film deposited on the SiOgz/Si
wafer right after the scooping transfer step. Images (c) through (f)
show the evolution of the drying process with time at the exact same
location.
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Using a thick PMMA layer makes the PMMA /graphene film more robust
upon the rinsing and scooping steps. Because the graphene and PMMA
are strongly coupled, the graphene cannot be severely damaged during
the rinsing and scooping steps as long as the PMMA film remains intact
and does not undergo any important strain.

It has however been observed that using a thick PMMA layer does not
help maintain the physical integrity of graphene. This observation stems
from the fact that the most sensitive step contributing to major dam-
ages in graphene is the PMMA removal step. More particularly, the
main factor responsible for the deterioration of the physical integrity of
graphene is its adhesion on the target substrate.

Figure 3.12: Optical microscope images of the PMMA /graphene
film deposited on the SiO/Si wafer right after the scooping transfer
step. Images (b) shows a higher magnification of the surface areas
pointed out by the dashed square in (a).

When the PMMA layer is deposited on the graphene/Cu substrate, it
conforms to the underlying surface and mimics the Cu/graphene surface
morphology. Once the anisole has evaporated, the PMMA layer forms
a relatively rigid mold of the grain boundary grooves and cold-rolling
striations. Even after Cu substrate etching and PMMA /graphene film
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scooping, the film still has the Cu surface morphology footprint as shown
in Fig. 3.12.

The color contrast observed on the optical images reflects a variable
spacing between the graphene/PMMA film and the underlying surface
due to the strong surface morphology. As the adhesion of graphene on
the SiOs is only achieved through van der Waals forces, it is of central
importance to ensure the proper contact in order to reach a strong adhe-
sion. The graphene surface areas that are not in close contact with the
SiO9 surface are washed away upon the PMMA removal step as acetone
will intercalate underneath graphene.

Cracks, tears and folds in graphene can thus be mostly prevented by
improving the contact. One first approach consists of heating the PMMA
layer above its glass transition temperature (~104 °C) for about 30 min
so that the PMMA /graphene layer softens and better conforms to the
underlying substrate [145]. Although this approach helps maintaining
the physical integrity of graphene, it makes the PMMA removal more
difficult as the PMMA has been baked. A better approach consists of
gently softening the PMMA film by re-depositing fresh PMMA on top
of the PMMA /graphene film [146]. Although they re-cure the PMMA
after its re-deposition in their paper, it is found here that leaving a
thick fresh PMMA layer for 30 min and then directly proceeding to the
PMMA removal greatly improves the graphene cleanliness.

The rather uniform contrast in Fig. 3.13 demonstrates the suppres-
sion of the spacing between graphene and the SiOy surface after the
fresh PMMA re-deposition. It has also been observed that initially spin-
coating a thin PMMA layer (~100 nm) gives better results as the thick-
ness is thick enough to go through the different process steps without
major damage while being thin enough to easily soften and conform to
the underlying surface.

Figure 3.14 shows a continuous single-layer graphene sheet (grown on a
Cu film) after its transfer onto a 300-nm-thick SiO3/Si substrate. Dir-
ectly removing the PMMA film without re-depositing the fresh PMMA
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Figure 3.13: a-b) Photographs of the PMMA /graphene film depos-
ited on SiOg/Si wafer (a) before and (b) after the re-deposition of
fresh PMMA. c) Optical microscope image of the PMMA /graphene
film after the re-deposition of fresh PMMA (before it fully dried).

results in severe degradation of the graphene’s physical integrity (see Fig.
3.14a). The small patches of continuous graphene that are deposited on
the SiO9 surface correspond to graphene areas that were present on top
of Cu grains while the cracks and folds mainly correspond to graphene
areas that were localized in or near Cu grain boundary grooves. The
Cu grain boundary grooves imprinted in the PMMA /graphene reduce
the adhesion of graphene with the underlying substrate and make it
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more prone to tearing and folding upon the PMMA removal step. Re-
depositing fresh PMMA helps improving the contact of graphene with
the SiOg surface and yields better transfer results are shown in Fig. 3.14.

Figure 3.14: Photographs of a continuous graphene film deposited
onto a 300-nm-thick SiO/Si substrate. The transfer procedure has
been achieved (a) without or (b) with the fresh PMMA re-deposition

step.

3.3.3 Conclusions

Although the PMMA-assisted transfer process is far from being suitable
for the realization of high-performance graphene based devices, it rep-
resents a relatively easy, rapid and reliable method to transfer graphene
films of several square centimeters. Knowing which transfer process steps
are responsible for the formation of wrinkles, cracks or contaminations
is critical in order to further improve the procedure.
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3.4 Graphene characterization techniques

Characterizing graphene throughout the various research and develop-
ment activities that eventually lead to the fabrication of graphene-based
practical applications is crucial for achieving good performances. This
section aims to describe the various tools that have been used in order
to assess graphene’s continuity, physical integrity, number of layers and
structural quality.

3.4.1 Optical microscopy

Although graphene is an atomically thin material and absorbs only 2.3%
of the white light, graphene can be observed with an optical microscope
or even with bare eyes under certain circumstances.

Direct observation on the catalytic substrate

As graphene is quasi-transparent, it is challenging to directly observe it
on its synthesis substrate using a classical optical microscope. However,
a Cu surface covered by graphene usually features atomically flat planes,
facets, step edges and vertices which contrast with bare Cu which ex-
hibits a smoother surface as shown in Fig. 3.15. It is still unclear
whether this contrast is linked to the presence of graphene during the
high-temperature CVD process which causes a slight modification of the
Cu surface morphology or if it is simply due to the fact that graphene
prevents the Cu surface to rapidly grow a native oxide that smoothens
the surface once the sample is unloaded from the furnace and exposed
to ambient atmosphere.

As the contrast is very weak, this visualization technique can only be
used when observing isolated graphene domains (i.e. when the graphene
film is not complete). Although this technique is non-destructive and
straightforward, it falls short of assessing the number of layers or the
structural quality of graphene.
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Figure 3.15: Direct visualization of graphene as-grown on a Cu
film. a) Optical microscope image of the Cu surface. b) Higher
magnification image of the Cu surface area referenced by the dashed
square in (a). Black arrows serve as visual guides to locate graphene.

Intentional selective Cu surface oxidation

To enhance the contrast between the Cu surface areas that are covered
by graphene and those that are not, one can proceed to the intentional
selective oxidation of copper. As graphene is impermeable to gases, it
protects the underlying Cu surface from the exposure to oxygen present
in the atmosphere. Heating the synthesis substrate in the presence of
oxygen, typically on a hot plate in ambient air at T>150 °C for a few
minutes, leads to a slight oxidation of the Cu surface which is not covered
by graphene.

This direct visualization technique has been first employed by Jia et
al. [79] who also showed that the Cu selective oxidation could be done
using an HyO9 solution. Depending on the grown Cu oxide layer thick-
ness, the areas that are not covered by graphene appear reddish or green-
ish which significantly increase the contrast as shown in Fig. 3.16a and
3.16b.
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Figure 3.16: Intentional surface oxidation-assisted visualization of
graphene as-grown on a Cu foil. a-c) Optical microscope image of
the Cu surface after an oxidation step of (a) 25 s at 220 °C, (b) 60
sat 220°C and (c) 150 s at 250 °C. d) Higher magnification image
of the Cu surface area referenced by the dashed square in (c) which
shows multilayer regions with lateral dimensions of about 50 pm.

Although this visualization method is rather limited, it can also be used
to observe macro- and microscopic defects in the graphene film and
reveal the presence of multi-layer areas. This can be achieved by heating
the catalytic substrate at a higher temperature (typically T> 220 °C).
The oxygen is able to diffuse at the interface between the Cu surface
and graphene’s first layer, predominantly along the cracks and wrinkles
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and unveil the few-layer areas as shown in Fig. 3.16c and 3.16d. These
few-layer regions provide a better protection against oxidation than the
first layer and maintain the underlying Cu surface reduced for prolonged
Cu oxidation durations.

It is however worth mentioning that heating graphene in the presence
of oxygen is not desirable as graphene can collect oxygen or water vapor
by physisorption or chemisorption on its surface which leads to a drastic
reduction of its physical properties.

Natural selective Cu surface oxidation

When the Cu/graphene samples are kept in ambient atmosphere at room
temperature for a few weeks or months, graphene domains become vis-
ible through a natural selective Cu surface oxidation. Unlike intentional
oxidation, natural oxidation makes the Cu surface underneath graphene
appear reddish as shown in Fig. 3.17.

Figure 3.17: Natural surface oxidation-assisted visualization of
graphene as-grown on a Cu film after storing the sample in ambient
atmosphere at room temperature for 8§ months. b) Higher magnific-
ation optical image of the Cu surface area referenced by the dashed
square in (a).
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Nowadays, the enhanced oxidation of graphene-coated Cu is still not
clear and different mechanisms have been proposed. In 2013, two reports
suggested that graphene acts as a conducting layer that promotes the
electrochemical oxidation of the underlying copper and overcomes the
self-passivation taking place in bare copper at room temperature [147,
148]. More recently, it has been suggested that the impermeability of
graphene impedes the release of oxygen present in the Cu substrate [149].
Due to graphene, the out-of-equilibrium oxygen which diffuses through
the Cu substrate thickness remains encapsulated at the Cu surface and
accelerates the oxidation process.

Dark field imaging

Graphene can also be directly and rapidly observed on the Cu synthesis
substrate using optical dark field (DF) microscopy. The clear contrast
obtained between bare Cu surface and those covered with graphene
is due to the difference in Cu surface morphology. The presence of
graphene in close contact with the Cu surface helps maintaining the fa-
ceted structure of the Cu surface which has been induced during the high
temperature annealing process under a reducing atmosphere [150]. The
rough faceted Cu surface areas scatter incident light and make Cu surface
areas covered by graphene clearly visible [151,152]. Optical DF micro-
scopy can also be used to identify the presence of additional graphene
layers as their presence causes variations in the Cu step height [152]. Fig-
ure 3.18 shows that the optical contrast also depends on the underlying
Cu surface crystallographic orientation.
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Figure 3.18: Direct visualization of graphene as-grown on Cu foil.
(a) Bright field and (b) dark field optical images taken in the same

Cu surface area as indicated by the pattern of the Cu grain grooves.
c-d) Dark field optical images taken at different Cu surface areas.
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Transferred on SiO3/Si

Optical microscopy is of great interest as it offers a cheap, rapid and not
destructive method to observe graphene characteristics over extended
surface areas. Although direct visualization of graphene on the cata-
lytic substrate is useful to observe individual graphene domain and thus
determine their shape, size and density, it provides little information
on the graphene thickness. Compared to directly observing graphene
as-grown on the synthesis substrate, transferring graphene onto other
substrates provides a better contrast imaging and can be employed most
of the time to count the number of layers. The contrast, defined as the
relative intensity of reflected light in the presence or absence of graphene
depends on various factors such as the type of substrate, the thickness
of the underlying transparent layer and the wavelength of the incident
light. Blake et al. [153] used a Fresnel law-based model to calculate
that SiO9/Si substrates with oxide layers having a thickness around 100
and 300 nanometers are the most appropriate to observe graphene with
white light. In contrast, a good optical contrast can be obtained with
practically any SiOq layer thicknesses when using monochromatic light.

In the framework of this thesis, 90- and 300-nm-thick SiO3/Si have been
employed as substrates to characterize the thickness of the synthesized
graphene film as shown in Fig. 3.19.
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Figure 3.19: Visualization of graphene transferred onto a 300-nm-
thick SiOs/Si substrate. Ouwing to the enhanced optical contrast,
various features such as cracks, tears, wrinkles and multi-layer re-
gions can be observed with the optical microscope. Graphene transfer
process is prone to leave some PMMA residues on the substrate sur-
face as pointed out in (a) with vertical blue arrows. b) Higher mag-
nification image of the surface area marked by a dashed red square

in (a).
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3.4.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a rapid, non-invasive and effect-
ive technique for imaging graphene on a wide variety of substrates. The
SEM (Zeiss Gemini Ultra-55) is a versatile tool for detecting impurities,
cracks, folds, wrinkles, voids and spatial variations of the number of lay-
ers at the micro- and nano-scales. The challenge for properly imaging
graphene features lies in the facts that (i) probing the cross-section of
the one atom-thick material is beyond the SEM resolution limitations,
(ii) the SEM images predominately show the morphologies of the sub-
strate beneath rather than the graphene itself given that the atomically
thin film material is transparent to high energy electron beams, and (iii)
graphene does not generate a strong contrast in SEM images because
it has a very smooth surface. As a consequence, it is essential to use
the proper SEM settings in order to obtain a sufficiently good contrast
capable of revealing surface details including surface roughness, edges
and additional layers.

Detector type

The SEM working principle is based on the emission (using a very fine
heated filament) and the acceleration (to a desired kinetic energy) of
electrons when propagating down through the SEM vertical column. In
the Gemini column, a two-lens system is employed to focus the electron
beam down to the substrate of interest with the desired spot size. The
energetic bombardment of the incident electron beam on the sample
generates several types of electrons which differ by their origin, energy
and direction of radiation, and thus carry distinct information about the
sample.

In this thesis, two different detectors have been employed to image
graphene: a regular Everhart-Thorney (E-T) and an in-lens (also called
in-column) detector. Both detectors collect the secondary electron (SE),
that is, the electrons that are generated into the substrate bulk at differ-
ent depths upon the radiation of the incident electron beam. The in-lens
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detector efficiently collects the type I secondary electrons (SE1) that are
generated close to the surface in the vicinity of the irradiated region and
leave the surface with a high angle (i.e. almost perpendicularly to the
surface). In contrast, the E-T detector collects the type II secondary
electrons (SE2) that are generated from a deeper and wider volume in-
side the substrate than the SE1 and leave the substrate surface at a lower
angle. As a consequence, the in-lens detector receives a signal enriched
in SE1 which carries a high resolution surface-sensitive information of
the sample while the E-T detector intrinsically provides lower-resolution
topographical information. Therefore, the graphene film is mainly ob-
served using the in-lens detector while the underlying substrate (Cu
film/foil or SiO2/Si substrates) is observed using the E-T detector as
shown in Fig. 3.20.
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Figure 3.20: SEM observation of single-layer single-crystalline
flower-shape graphene domains as-grown on a Cu film. (a,c) E-
T and (b,d) in-lens SEM images have been taken in the exact Cu
surface area. Higher magnification SEM images in (¢, d) shows
that the E-T detector can be used to observe very fine features of
the Cu surface but does not provide any contrast for the presence of
graphene compared to the in-lens detector. EHT=1 kV, WD=3 mm
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Acceleration voltage and working distance

The acceleration voltage (Electronic High Tension, EHT) and the work-
ing distance (WD) are important parameters to properly image graphene.
Operating the SEM equipment using a small working distance (between
1 and 5 mm) gives a better contrast for both detectors but more partic-
ularly for the in-lens detector that collects SE1 electrons which escape
the sample perpendicularly to its surface.

SEM can be a very efficient tool to obtain quantitative information about
the number of graphene layers on both Cu and SiO5/Si substrates. The
thickness contrast predominantly arise from the attenuation of secondary
electrons emitted from the SiOy/Si or Cu substrates by graphene layers
present on the surface. Thicker stacks of graphene layers thus appear
darker than a single-layer as shown in Fig. 3.21. When operating at low
acceleration voltage, the low kinetic energy of incident electrons makes
them interact with the sample near the surface rather than in its volume,
thus giving a better spatial resolution. Moreover, as graphene mainly
interacts with low-energy secondary electrons, the contrast is improved
when using relatively small acceleration voltages.

Figure 3.21: In-lens SEM images of a stack of hexagonal shape
single-crystalline graphene layers transferred onto a 300-nm-thick
Si02/Si substrate. The images have been taken in the exact same
location but using different acceleration voltages: 10, 5 and 2 kV for
images (a), (b) and (c), respectively. WD=4 mm.
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The relatively rough Cu substrate under the as-grown graphene can
alter the electronic signal detected by the SEM equipment and produce
undesired artifacts on the SEM images in contrast to the flat and smooth
surface of the SiO9/Si substrate present under transferred graphene.
However, directly observing graphene on Cu circumvents the use of the
cumbersome transfer process and provides a conducting substrate that
helps evacuating electrons from the surface. Indeed, the non-conductive
nature of the SiOy layer causes an accumulation of electrons on the
graphene that interacts with the incident electron beam and impairs the
proper imaging of graphene. This phenomenon is a commonly known
problem called the charging effect.
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3.4.3 Raman Spectroscopy

Raman spectroscopy is a nondestructive versatile characterization tool
employed to determine graphene number and stacking order of layers,
structural quality and types of edge as well as the origin of perturba-
tions including mechanical strain, doping and disorder. Raman spectro-
scopy measurements are based on the illumination of a sample with a
monochromatic light (incident radiation) and the analysis of scattered
radiation which results from various interaction events between photons,
electrons and phonons within the material. Throughout this research,
Raman measurements have been carried out using a LabRAM HR equip-
ment (Horiba scientific) using a green laser (excitation energy of 2.41 eV
or A=514 nm, power level below 1 mW) on various graphene samples in-
cluding as-grown on the Cu catalyst, transferred on arbitrary substrates
or suspended.

Basic physics

Exposing a sample to an incident radiation leads to the re-emission
of scattered radiation that exhibit either a different wavelength (Stokes
and Anti-Stokes Raman scattering) or an identical wavelength (Rayleigh
scattering). Rayleigh scattering (also called elastic scattering) takes
place when an incident photon excites an electron-hole (e-h) pair from a
ground state and the pair returns to its initial state by emitting a photon
with identical energy but a different propagation direction. In contrast,
Raman scattering is an inelastic scattering which implies that photons
excite e-h pairs which, by transferring parts of their energy to phonons,
return to a different state. Due to this energy transfer, the photon emit-
ted upon the e-h recombination has a different energy. In the case of the
Stokes process, which is the most likely to happen and thus the predom-
inant phenomenon probed when performing Raman spectroscopy, the
electron goes from a ground state to a higher energy vibrational state
through the formation of a phonon and the emission of a photon having
a lower energy than the incident one. In the case of the Anti-Stokes
process, a phonon is absorbed by a e-h pair which then emits a photon
of higher energy upon recombination.
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The Raman spectra that are obtained with the Horiba equipment and
the LabSpec software represent the plot of the intensity of scattered
light as a function of the Raman shift which is the difference between
the incident and scattered photon energy. The Raman shift units are
usually expressed in cm™ which can easily be converted in energy units
using the relation®: 1 meV=8.0655447 cm™.

Exfoliated graphene

Before the first demonstration of the CVD synthesis of graphene, single
and few-layer graphene flakes were obtained using mechanical exfoli-
ation from natural graphitic mineral or highly oriented pyrolytic graph-
ite (HOPG) which is a synthetic AB stacked graphite produced from
carbon precursors heated up at very high temperature. The most prom-
inent features present in the Raman spectrum of single-layer graphene
are the so-called D-band, G-band and 2D-band appearing respectively
at ~1350, ~1580 and ~2700 cm™ when using a laser energy of 2.41 eV.
Two additional Raman features are sometimes observed at ~ 1620 cm™!
(called D-band) and ~ 2450 cm™ (called G*-band). Comprehensive
explanations of the origin of these bands are beyond the scope of this
thesis and can be found in recent studies [154,155]. The examination
of the intensity, width and position of these bands allows the thorough
characterization of 2D graphitic specimens.

Figure 3.22 gives typical Raman spectra of single-layer graphene, bilayer
graphene and graphite deposited on a 90-nm-thick SiO3/Si substrate.
Single-layer graphene has a sharp 2D-band which can be fitted with a
single Lorentzian function and exhibits a full width at half maximum
(FWHM) of ~ 24 cm™!. For single-layer graphene, the intensity of the
2D-band is greater than the G-band intensity. However, it has been
demonstrated that the Iop/Ig intensity ratio strongly depends on the
underlying substrate [156,157]. When multilayer graphene is obtained
from exfoliation of crystalline graphite, it generally exhibits an AB (or
Bernal) stacking which means that every individual graphene layers are

8F = hv=hc/\ with h and c corresponding to Planck’s constant (4.136 x 107'°
eV.s and the speed of light (~300000000 m/s), respectively.
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Figure 3.22: Raman spectra acquired on graphene deposited on a
Si0y/Si substrate by mechanical exfoliation of graphite. a) Single-
layer graphene. b) Bilayer graphene (blue spectrum on top) and
graphite (green spectrum at the bottom).

arranged in the direction perpendicular to the layer plane so that the
vacant centers of the hexagonal rings of one layer are aligned with carbon
atoms of the two adjacent graphene layers. For bilayer graphene with
a Bernal stacking order, the 2D band has four components because of
the electronic coupling between the two planes. As a consequence, the
2D band exhibit an intensity similar to the G-band, a full width at
half maximum in the 40-60 cm™' range and it can be fitted with four
Lorentzian functions that are shifted in respect to the average frequency
of the two main peaks by -44, -10, +10 and +25 cm™, respectively

158, 159).
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Turbostratic graphene

In contrast to mechanical exfoliation of HOPG which results in multi-
layer graphene predominantly exhibiting a bernal stacking, chemical va-
por deposition on transition metals produces graphene layers having a
random rotational orientation with respect to one another. This multi-
layer graphene with no particular stacking order is called turbostratic
graphene. Because of the absence of electronic interaction between
graphene layers, the Raman spectrum of turbostratic multi-layer graphene
looks more like the one of single-layer graphene rather than the one of
AB stacked multi-layer graphene as the 2D band can be fitted with one
single Lorentzian function. As an example, Raman spectroscopy maps
have been acquired on the graphene sheet transferred on a 300-nm-thick
SiO4/Si substrate shown in Fig. 3.23b.

Figure 3.23: Optical microscope images of a graphene sheet trans-
ferred on a Si0y/Si substrate. b) Higher magnification image of the
area marked by the dashed square in (a). The dashed square in (b)
corresponds to the 70x 90 nm? surface area that has been employed
for the Raman maps shown in Fig. 3.24, 3.25 and 3.26.

The sample shown in Fig. 3.23 has been selected as it contains single
and multilayer graphene regions, wrinkles and cracks. Turbostratic mul-
tilayer graphene regions have been either naturally obtained by growing
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one or two additional layer underneath the first graphene layer during
the CVD process or artificially produced by tinkering with the graphene
transfer step so that parts of the graphene sheet are teared up, washed
away and re-deposited a bit farther on top of other graphene layers.

Figure 3.24 shows the maps of the D, G and 2D band peak intensities
extracted from 6300 individual Raman spectra acquired in the 70x90
nm? surface area shown in Fig. 3.23b. The inter-spacing between in-
dividual punctual measurements is chosen to be one micrometer as it
corresponds to the spot size of the laser on the sample surface. Al-
though some features such as cracks, wrinkles and the different layers
can be distinguished, these maps are not directly helpful to rigorously
characterize the graphene sheet.

-10%

Figure 3.24: Raman maps of the (a) D band, (b) G band and (c)
2D band peak intensities acquired in the surface area marked by the
dashed square area in Fig. 3.23b.
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As these 3 maps have been extracted from the same series of Raman
spectra, that is, the D, G and 2D bands have been acquired simultan-
eously, it is more meaningful to consider mapping the D-to-G (Ip/Ig)
and 2D-to-G (Isp/Ig) peak intensity ratios as shown in Fig. 3.25. Fig-
ure 3.25a exhibits a very low D-to-G peak intensity ratio which indicates
that the disorder-induced D peak is very weak. Such small Ip /I ratios
prove that the graphene sample is almost defect-free besides the pres-
ence of cracks and wrinkles that have been introduced during the transfer
process and that are visible on the optical images [154]. By comparing
Figs 3.24a-b with 3.25a, it can be observed that the increasing Ip/Ig
ratio with the number of layers is mainly caused by an increase of the
D peak intensity. Interestingly, the artificial additional layer that has
been washed away and redeposited seems to have the opposite behavior
as the wrinkles under the artificial layer feature a lower Ip /I ratio.

Figure 3.25: Raman maps of the (a) D-to-G, (b) 2D-to-G peak
intensity ratios acquired in the surface area marked by the dashed
square area in Fig. 3.23b.
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The Raman map displayed in Fig. 3.25b shows that the single-layer
graphene region exhibits a Isp/Ig ratio superior to 2 which is in good
agreement with the literature [158,159]. Figure 3.25b also shows that the
Iop /I ratio increases with the number of layers, regardless of whether
it has been produced during the CVD or during the transfer process.

Initially, it was believed that turbostratic graphene had a FWHMosp in
the ~45-60 cm™! range and a 2D-to-G band intensity ratio much smal-
ler than its AB stacked counterpart [154]. However, it has been later
reported that the Raman signatures are sensitive to the electronic coup-
ling between the graphene layers which strongly depends on the relative
rotation angle between the top layer and the underlying additional lay-
ers [160-163].

The relative rotation angle has been demonstrated to affect the peak
position, the 2D band FWHM, and the relative intensity of the G and
2D bands. Twisted bilayers graphene can be classified in 3 categories
according to the relative rotation angle [160]:

0° < 0 < 5°: the strong inter-layer coupling within the bilayer results
in Raman signatures exhibiting a Iop/Ig ratio close to 1 and a
FWHMsp larger than the one obtained from single-layer graphene.

7° < 6 < 14°: the G band intensity is strongly enhanced due to reson-
ance effects, making the Iop/Ig ratio significantly inferior to 1.

17° < 0 < 30°: the graphene layers are decoupled or weakly coupled.
The intensities of the G band and the 2D band are greater than
single-layer graphene and the Isp /I ratio is significantly greater
than 1. Moreover, the FWHM of the 2D band is close or inferior
to the one of single-layer graphene while its position is blue-shifted
relatively to the one of single layer graphene.

For the bi-, tri- and few-layer graphene regions obtained upon the CVD
process shown in Fig. 3.25b, the Raman signatures and more particu-
larly the Isp /I ratios indicate that the various layers are decoupled from
each other. The twisting angle between the layers can also be determ-
ined optically by observing the domain orientations (see Fig. 3.23). As
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hexagonal domain edges exhibit a zig zag structure, it can be observed
that the second and fourth layers have the same in-plane orientation
which is rotated by ~ 30° relatively to the third layer.

The graphene bilayer obtained during the transfer has a rather loose con-
tact with the underlying graphene layer compared to as-grown turbostratic
bilayer and the interface most likely contains residuals from the transfer
process. As a consequence, the two layers do not interact together and
are completely decoupled, thus resulting in Raman signatures almost
identical to two nearby single-layer graphene sheets [161].

Figures 3.26a and 3.26b show that stacking decoupled graphene layers
results in the narrowing of the 2D band and the blueshifting of its pos-
ition, which is in good agreement with the literature [160,162-164].

2665 2675 2685

Figure 3.26: Raman maps of the 2D peak (a) full width at half
mazimum and (b) position acquired in the surface area marked by
the dashed square area in Fig. 3.23b. The unit used for the scale of

both images is cm™.
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Analyzing the FWHM and the position of the main graphene Raman
features can also give an insight about the doping level and the strain of
graphene. As it has been explained in the preceding section, graphene
transfer procedure is very likely to induce doping or mechanical strain
in graphene. The FWHM of the G band is often in the 10-15 cm™ range
but it can change with strain, temperature and doping. Increasing the
temperature generally leads to the redshifting of the G band position
[165].

Applying an uniaxial tensile stress to graphene results in the redshifting
of both G and 2D bands while a compressive strain causes the bands to
blueshift [166,167]. When the strain exceeds 1%, the G band splits into 2
distinct sub-bands (G* and G°) because of the symmetry breaking [166].
It has also been found that the position of the G and 2D bands can either
increase or decrease depending on the doping intensity and whether the
doping is p-type or n-type, respectively [167].

The blueshifting of the G and 2D bands can, for instance, occur upon
the annealing (T>100 °C) of graphene transferred onto a SiOz sub-
strate because of both, the more pronounced hole doping induced by the
closer contact between graphene and the SiO9, and because of substrate-
mediated mechanical compression strain in graphene [167].

When analyzing Raman signatures, it is also important to realize that
the extracted graphene features are in general averaged over the laser
spot size which is 1 pm, typically. Variations of strain in graphene at the
nanometer-scale, that is, at a sub-spot-size length scales, result in the
broadening of the 2D band as well as the reduction of the 2D band peak
intensity [168]. This phenomenon constitute the main reason explaining
why the FWHMsp and Isp/Ig ratio is respectively larger and smaller
for graphene deposited on SiO2 compared with graphene deposited on
h-BN [169].
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CVD graphene as-grown on Cu

Raman spectroscopy can be carried out directly on the synthesis sub-
strate after the CVD growth of graphene as shown in Fig. 3.27. Per-
forming the Raman measurements directly on the Cu substrate has
the advantage of circumventing the transfer process which is cumber-
some, time-consuming and requires the dissolution of the synthesis sub-
strate. Moreover, the transfer process is known to adversely impact the
graphene physical integrity and cleanliness which thus cause the D-band
to be more pronounced and the modification of the position and FWHM
of the G and 2D bands.
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Figure 3.27: Typical Raman spectrum acquired in the middle of a
single-layer graphene domain as-grown on a thin Cu film.

Counterbalancing with this advantage, the presence of the underlying
Cu substrate adversely impacts the Raman measurements in different
ways:

First, it generates a particular background in the spectrum which has
to be removed in order to extract the intensities, the FWHM and po-
sition of the different graphene Raman features. Although it is rather
fast and easy to remove the background from a single punctual measure-
ment, the task gets exponentially more complex when dealing with large



3.4. Graphene characterization techniques 81

collections of Raman measurements, which is the case when acquiring
Raman mapping. The intensity of the background present in the Raman
spectra can however be mitigated employing other laser energies [170]

The presence of the background in the Raman spectrum has also a detri-
mental effect on the signal-to-noise ratio as it makes the spectra intensity
to saturate. Indeed, the signal-to-noise ratio usually depends on the laser
power (tuned using filters), the grating, the acquisition time and the way
the signal is averaged using multiple successive acquisitions in a single
location. In order to have a smooth spectrum, these various parameters
are adjusted in order to obtain graphene bands with a decent intensity.
However, the software only allows a maximum intensity of about 69000
counts for the peak on top of the background, thus drastically reducing
the intensity of the peaks that can be obtained.

Moreover, the polycrystalline nature of the synthesis substrate also im-
pacts the Raman measurements as it has been demonstrated that the
Cu crystalline orientation influences the Iop/Ig intensity ratio [171]. It
is also essential to perform the Raman analysis as soon as possible
after the CVD process as Cu surface oxidation underneath graphene
can take place in a few days, even at room temperature under ambient
conditions [172]. This gradual surface oxidation (mainly Cuz0) tends
to reduce the electronic coupling between graphene and the underly-
ing substrate and consequently causes the Iop/Ig ratio to increase over
time [173]. Furthermore, the strong coupling between graphene and the
underlying Cu can result in both graphene doping through charge trans-
fer and strain induced during the cooling down of the CVD process due
to different thermal expansion coefficients [174,175].

Finally, the rough Cu substrate surface morphology is not suitable for
conducting large-area Raman maps as the distance between graphene
and the lens strongly varies with the location.
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3.4.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is an efficient technique to get an es-
timation of the thickness of a graphene film and its surface topography
at the nanometer scale. This technique is thus particularly interesting
to identify graphene number of layers. The fundamentals of AFM rely
on the movement of a sharp probe (tip attached at the free extremity
of a cantilever) brought in close contact with the sample. When the
probe and the sample move in relation to each other in a raster pat-
tern, the equipment takes a series of data in discreet locations (pixels).
These data are acquired through the cantilever displacement sensor that
monitors the deflections of the cantilever free end when interacting with
features on the sample surface.

In this thesis, the AFM images were collected using a Dimension Icon
Instrument (Bruker) in air with the PeakForce Tapping (PFT) mode
and ScanAsyst™ (SA). Compared to the widely used contact mode
which inherently exerts a lateral force on the sample and could damage
graphene when dragging across the surface, PeakForce tapping mode in-
termittently contacts the sample and avoid lateral forces. In PFT mode,
the piezoelectric transducer connected to the fixed end of the cantilever
modulates the vertical position of the tip in a sine wave fashion with
a frequency in the 1-10kHz range. Usually, when a tip approaches the
sample surface, it experiences long-range van der Waals attraction forces
that bring the tip into contact with the sample. Once in contact, the
short range Coulomb forces dominate and repel the tip away from the
surface. Owing to an algorithm that recognizes the local peak force, the
system can map the surface morphology with high accuracy.

Figure 3.28 shows typical AFM images acquired on the surface of a
graphene sample transferred on a SiO9/Si substrate. Graphene wrinkles
appear as white sharp lines while cracks appear as darker stripes with a
width of several hundreds of nanometers.

In order to determine the thickness of the graphene film, it is preferable
to scan across a graphene crack which constitutes a clean cut in the
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Figure 3.28: PeakForce Tapping mode AFM images obtained onto
a single-layer graphene sheet transferred on a SiOg/Si substrate. a)
50x 50 pm? surface area. b) 10x 10 ym? surface area corresponding
to the dashed square in (a).

graphene rather that graphene domain edges that are more often jagged,
torn up or simply not lying well in contact with the underlying substrate.
The determination of an appropriate location to perform high accuracy
AFM measurements often requires the successive acquisition of several
maps with decreasing surface areas. Once the proper location is selected,
a high accuracy AFM map can be acquired (see Fig. 3.29a) and a height
profile can be extracted across the crack as shown in Fig. 3.29b.

The height difference between the top of graphene and the bottom of
the crack is about 1.3 nm which is about 4 times the theoretical value
of 0.34 nm referenced for the inter-plane spacing of graphite in the lit-
erature [176]. The obtained value however is in good agreement with
other reports that also transferred graphene using the PMMA-assisted
method [177,178]. AFM measurements of graphene thickness can be
influenced by the interactions between the graphene and the substrate
and/or between graphene and the AFM tip, which can depend on the
substrate surface energy or the graphene preparation method.



84 Chapter 3. Materials and Methods

b

) 4
3
g 2
£ 1
= 0
w01
= —2
-3

0 200 400 600 800
Scanning length [nm)]

Figure 3.29: Determination of graphene film thickness using AFM.
a) 2x 2 pm? PET mode AFM image obtained in the dashed square
area of Fig. 3.28b. b) Height profile performed across the crack
(along the grey AB axis) shown in (a).

The wet transfer method is very likely to create an inter-plane layer with
adsorbates or trapped molecules that create a buffer between graphene
and the substrate, hence causing the overestimation of the AFM meas-
urements.



Chapter 4

Preliminary results and surface
confinement

This chapter presents the preliminary experiments that have been con-
ducted at the early stage of development of the CVD synthesis and
describes the various challenges that have been addressed in order to
produce graphene. In particular, this chapter exposes the first graphene
results that motivated the customization of the CVD set-up (see chapter
5) and the use of fused quartz wafers instead of oxidized silicon wafers
as substrates for growing graphene on Cu film. This chapter is divided
into four sections. Section 4.1 briefly shows the first graphene growth ex-
periments that have been conducted on Cu foils. Section 4.2 describes
the various challenges that have been addressed in order to produce
graphene on thin Cu films. Section 4.3 then reviews the various ad-
vantages stemming from using Cu surface confinement. Sections 4.3.2
and 4.3.3 put the obtained results in relation with the literature that,
in some extent, also observed Cu surface confinement effects. Finally,
Section 4.4 outlines the important findings and key process parameters
that are essential for successfully depositing high quality graphene.
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4.1 Preliminary growth results on Cu foils

As explained in the preceding chapter, the initial CVD system that was
operated at the early stage of this thesis was quite simple. The CVD
protocol was mainly based on previous CVD works reported in the lit-
erature before 2013 and consisted of four consecutive steps: the CVD
furnace warming, the Cu annealing, the graphene growth, and the CVD
furnace cooling as shown in Fig. 4.1. As the global pressure in the
CVD furnace could only be adjusted by tuning the coarse throttle valve,
graphene synthesis experiments were exclusively performed under LP-
CVD conditions with a global pressure varying in the 0.5 - 2 mbar range
depending on the total gas flow injected in the furnace. The CVD fur-
nace was warmed up from room temperature to the growth temperature
(Tg=1000 °C) within 80 min and maintained at high temperature for
the Cu annealing and the graphene growth steps. As the CVD furnace
does not possess a cooling system, the furnace cooling occurs by heat
diffusion and loss through the ceramics surrounding the tube. This step
takes about 80 min to cool down from 1000 °C to 400 °C. At 400 °C, the
furnace lid can be opened to enhance the cooling rate, thus enabling the
furnace to reach room temperature in about 40 min. The 40-min-long
high-temperature plateau used for the Cu annealing step allows the Cu
microstructure to evolve and reach a more stable configuration consist-
ing of Cu grains extending over several tens or hundreds of micrometers.
As explained in section 3.2, it is more beneficial for the graphene growth
to take place on a rather stable catalyst rather than on a catalyst that
is significantly evolving as the graphene growth proceeds.

Figure 4.2 depicts the CVD conditions that could be achieved with the
initial CVD system as a function of CHy and Ar/Hs gas flows. The
turbo-molecular pump throughput is limited to a total gas flow of about
70 sccm which means that the Ar/Hy gas flow can only be increased
at the expense of the CH, gas flow and vice-versa. Moreover, the mass
flow controllers can only ensure repeatable gas flow rates if they exceed
5% of their full-scale. The pure CHy and the diluted Ar/Hy (5%) gas
feedstocks could thus only cover a narrow Hs-to-CHy ratio in the 0.008-
0.65 range.
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Figure 4.1: Temperature and gas flow profiles used for the first
graphene growth CVD experiments on Cu foils.
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Figure 4.2: Schematic representation of the growth conditions that
could be adjusted using the initial CVD setup. Best and worst growth
results are obtained using Ha-to-CH, ratios of 0.65 and 0.008, re-
spectively.
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Although the CVD system was quite limited, the graphene growth was
taking place of both surfaces of the Cu foil that was placed in a ceramic
boat when loaded in the CVD furnace. Intriguingly, the Cu foil back-
side was covered with graphene exhibiting domains having a pretty well
defined shape compared to graphene that was growing on the Cu foil
topside as shown in Fig. 4.3. The graphene growth outcome present
on the Cu foil topside surface is rather difficult to interpret given the
small size of continuous graphene islands (dark regions) and the signi-
ficant amount of defective graphene exhibiting a high density of edges
(appearing as white lines). Prolonging the growth duration resulted in
a continuous graphene layer on both surfaces. Despite appearing highly
similar when observed using the SEM, the analysis of the continuous
graphene layer with Raman spectroscopy was showing a more frequent
and more pronounced D-band on the Cu foil topside compared to the
backside. Given the narrow experimental range for the Ha-to-CHy ratio,
tuning the parameters from the worst case to the best case scenario had
a rather limited impact as it was only improving the graphene domaine
size by about 2-3 microns on average.

Figure 4.3: In-lens SEM images of graphene grown on Cu foil
(tgr=20 min, R=0.65, Py=2 mbar: a) topside, b) backside.
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The lower graphene quality obtained on the Cu foil topside was thus
attributed to unfavorable conditions in the vicinity of Cu surface during
graphene growth. More particularly, it was believed that Cu foil top
surface was experiencing a high Cu sublimation rate that was making
the Cu foil surface less stable and competing with the graphene form-
ation. The high Cu sublimation is caused by both high temperature
conditions that favor a relatively high Cu vapor pressure (see Fig. 4.4)
in the vicinity of the Cu surface and the low pressure conditions lead
to an increased mean free path of gas molecules and help the Cu vapor
escaping the vicinity of the Cu surface. Moreover, the Cu foil top sur-
face is subjected to the gas flow mainstream that carries away the Cu
vapor and forces the Cu foil to further sublimate in order to establish
the thermodynamic equilibrium between the Cu solid and gas phases.
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Figure 4.4: Plot of Cu vapor in equilibrium with Cu solid phase as
a function of temperature calculated from ref. [179]. The Cu vapor
exponentially increases with the temperature and varies by 3 orders
of magnitude in the temperature range allowing graphene deposition
using methane on Cu substrate.
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When the graphene growth step was performed under lower global pres-
sure (Pg,=0.5 mbar), it was observed that graphene could only grow on
the Cu foil backside as shown in Fig. 4.5. This observation suggests
that increasing the Cu sublimation rate can even result in the suppres-
sion of graphene growth. At that point, it was thus believed that there
exists a competition between the Cu foil sublimation and the formation
of graphene on the Cu surface. The next section presents additional ex-
periments and observations that provide a better understanding of the
various mechanisms playing a role in the growth of graphene.

Figure 4.5: In-lens SEM images of graphene grown on Cu foil (a)
topside and (b) backside with ty,,=20 min, R=0.65 and Pg,=0.5
mbar.
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4.2 Preliminary growth results on Cu films

Growing graphene on Cu films pre-deposited on a thermally oxidized
silicon wafer rapidly appeared to be more complicated than growing
it on Cu foils. This section covers the most fruitful experiments that
contributed to produce better quality graphene and helped better un-
derstanding graphene growth mechanisms.

4.2.1 CVD protocol and Cu film thickness

The first step to produce graphene on thin Cu films consists of determin-
ing experimental conditions that maintain the Cu film physical integrity
throughout the CVD protocol. After a few CVD experiments, it rap-
idly appeared that the low pressure and high temperature conditions
required to grow graphene were having harmful effects on the Cu film
stability. Cu films with thicknesses ranging from 100 to 500 nm were
dramatically damaged and no graphene could be synthesized. The CVD
protocol has thus been adjusted to reduce the exposure to high temper-
atures and avoid the evaporation loss that leads to Cu film thinning,
voiding, fingering and solid-state dewetting as shown in Fig. 4.6.

The more adapted CVD protocol, displayed in Fig. 4.7, is characterized
by a steeper warming ramp and a Cu annealing step performed at a
lower temperature!. Compared with Cu foils, annealed Cu films contain
Cu grains with rather limited lateral dimensions. Although the driving
forces and kinetic processes are the same, the Cu grain growth in Cu
films saturates more rapidly than in Cu foils. As a consequence, they
do not need a long duration exposure to high temperature to reach a
rather stable microstructure. This observation results from the fact that
grain growth comes from the migration of Cu atoms from grains that
have a less favorable crystallographic orientation (and thus a relatively
high energy per atom on average) to grains having a more favorable

!The heating step that ramps up the furnace temperature from 20 °C to 1000 °C
is performed within 50 min. This represents a heating rate of about 20 °C/min which
is the maximum rate recommended by the CVD furnace manufacturer.
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Figure 4.6: Optical microscope images of a 500-nm-thick Cu film
pre-deposited on a Si/SiOgz after thermal treatments similar to the
CVD protocol presented in Fig. 4.1. The Cu films in a, b, ¢ and
d, have been warmed up within 80 min up to 1000 °C and then
maintained at this temperature for 40, 15, 5 and 0 min, respectively
before being cooled down to room temperature.
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crystallographic orientation. This Cu atom migration occurs via Cu
self-diffusion through the Cu grain boundaries. The cross section where
this self-diffusion takes place is smaller for Cu films (which usually have
a thickness inferior to one micrometer) than for commercial Cu foils that
feature a thickness in the 7-100 pm range. When the Cu grains grow, the
grain boundary grooves deepen and the cross-section available for self-
diffusion reduces, thus impeding further Cu microstructure evolution.
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Figure 4.7: Temperature and gas flow profiles used for the graphene
growth CVD experiments while minimizing the Cu film exposure to
high temperature.

Performing the Cu annealing step at 600 °C instead of 1000 °C for 20
min seems to be sufficient for both, obtaining large and quasi-stable Cu
grains and drastically reducing the Cu film voiding/dewetting upon the
CVD process. Although the CVD warming and the Cu annealing steps
have been adapted, the graphene growth step is the most delicate and
detrimental stage for the physical integrity of the Cu film. Unfortu-
nately, as explained in Chapter 2, the conditions favoring the formation
of high-quality graphene are conflicting with those maintaining the Cu
film physical integrity. More particularly, a higher growth temperat-
ure yields better graphene growth results in terms of domain density.
Moreover, a long-duration graphene growth step is essential for growing
large domains. As the graphene growth takes place and covers the Cu
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surface, the Cu evaporation from the surface is gradually suppressed
by the impermeable graphene film which makes the Cu catalyst more
robust and capable of dealing with the exposure to high-temperature
low-pressure conditions. However, the rapid coverage of the Cu surface
and the production of large-area defect free domains require opposing
CVD conditions. In order to make the catalyst more resilient to high
temperature and low pressure thermal treatments, it has been decided
to deposit a Cu thickness of at least 700 nm.

The Cu film evaporation loss can be drastically reduced using a high
global pressure during the Cu annealing and graphene growth steps.
However, the CVD equipment is not suited for performing the CVD
protocol at a higher pressure. Another approach to address the Cu evap-
oration issues consists of using particular Cu catalyst configurations as
described in the next sections.

4.2.2 Cu film confinement

Although the Cu film was making it through the CVD process without
major damages, no graphene could be obtained on the thin Cu film,
regardless the employed graphene growth conditions (with Ty, Pgr and
R ranging in the 980-1020 °C, 1-2 mbar and 0.008-0.65 ranges, respect-
ively). Surprisingly, all of these conditions were producing graphene on
both sides of the Cu foils.

As better graphene growth results were obtained on the Cu foil back-
side, it has been decided to flip the Cu film over and carry out CVD
experiments with the Cu film facing the ceramic boat as illustrated in
Fig. 4.8. Interestingly, this Cu film configuration was enabling the
growth of graphene on the Cu film surface. However, that experiment
was not highly reproducible as repeatedly reproducing the exact same
experiment was leading to different graphene coverage. Graphene was
only able to grow in the Cu film sample center and the Cu surface area
covered by graphene was strongly dependent on how the Cu film was
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Figure 4.8: Schematic depiction of the Cu film substrates placed
in the ceramic boat with the Cu film facing up or down. a-b) E-T
SEM images taken on the Cu surface directly exposed to the CVD
atmosphere illustrating the various damages that have been observed.
¢) In-lens and d) E-T SEM images of the Cu surface (near the
sample edge) in contact with the ceramic boat bottom during the
CVD process. Graphene did not grow on the Cu surface facing up
or near the edges of the Cu film facing down.
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placed in the ceramic boat.

After a few CVD runs, it has been found that the lack of repeatability
originated from the uneven bottom surface of the ceramic boat. This
uneven surface was elevating/suspending some parts of the Cu samples
and making the Cu surface to be less protected by the underlying surface.

In order to make the CVD experiments more reproducible, the ceramic
boat has been replaced by a smooth and flat fused quartz wafer. This
home-made sample holder was able to support larger samples (compared
with a 2x3 cm? sample in the ceramic boat) and allowed the repeatable
growth of graphene over the entire Cu surface area except still a few
hundreds of micrometers from the sample edges. In order to better un-
derstand why covering the Cu surface is a key process step to enable the
growth of graphene on thin Cu film, another Cu film configuration has
been employed as depicted in Fig. 4.9.

Gas flow mainstream

~ 5 cm

Fused quartz wafer

Figure 4.9: Schematic depiction the Cu film substrate configuration
employed to create a gradient of Cu surface confinement along the
catalytic sample.

This particular configuration has been devised in order to create a gradi-
ent of spacing between the Cu surface and the flat fused quartz support.
Placing the Cu sample facedown in direct contact with the support on
one extremity and elevating the other extremity with a 500 pum-thick
piece of quartz forms a gradient of Cu surface confinement varying along
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Figure 4.10: Photograph of the thin Cu film after the graphene
growth using a gradient of confinement as shown in Fig. 4.9. (a)
E-T and (b) in-lens SEM images taken somewhere in a non-confined
Cu surface area (dashed red rectangle in the photograph). (c¢) E-T
and (d) in-lens SEM images taken in a confined Cu surface area
(dashed blue triangle in the photograph). a-b) Non-confined Cu sur-
face is not covered by graphene and contains voids. c-d) Confined
Cu surface is covered with graphene and does not exhibit any voiding
or dewetting.
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the sample length. It is worth noting that this configuration cannot be
achieved using a Cu foil as the high temperature CVD process would
make it soften and collapse to conform the underlying quartz surface.
Figure 4.10 shows the resulting Cu sample after a classical CVD process
as described earlier in this section (see Fig. 4.7). The Cu surface in
the photograph exhibits different hues due to a spatial variation of the
surface roughnesses or morphology. This surface morphology is visible
in Figs. 4.10a and 4.10c. SEM images also show that graphene has only
been able to grow in the Cu surface area that was in relatively close
contact with the quartz surface (less than 200 pm) and away from the
gas flow mainstream (see dashed dark blue triangle in Fig. 4.10).

These observations can also be explained by the competition between
the Cu evaporation and the graphene growth on the Cu film. In its
conventional configuration, the Cu film is in direct contact with the gas
mainstream that carries away the Cu vapor and favors a relatively high
Cu evaporation rate. In contrast, placing the Cu film in contact with
another surface maintains the Cu vapor in the vicinity of the Cu surface
which is thus more prone to establish a quasi-static equilibrium between
the solid and gas phases of Cu. Consequently, the Cu vapor trapping or
Cu surface confinement drastically suppresses the Cu evaporation and
allows the graphene growth to take over. The Cu film hue spatial change
corresponds to gas flow patterns along the surface and evidences Cu sur-
face morphology spatial variations. The Cu film surface near the sample
edges is rougher compared to the more confined areas as it experiences
significant Cu evaporation enhanced by the gas flow mainstream.

Other Cu film configurations have also been investigated such as placing
two Cu surfaces in direct contact with each other as shown in Fig. 4.11.
This configuration gives the ultimate Cu surface confinement as both
surfaces are smooth, flat and prone to release Cu vapor upon the high
temperature CVD process. SEM pictures taken in various locations of
the Cu surface clearly show that the graphene growth rate is enhanced
in the center of the Cu sample compared with the rest of the sample. Yet
again, this observation can be explained by the competition between the



4.2. Preliminary growth results on Cu films 99

Cu evaporation and graphene formation. Given that the Cu vapor can
only escape by diffusing along the Cu/Cu interface prior to be released
in the CVD furnace atmosphere at the Cu sample lateral sides, it is very
likely that the partial pressure of Cu in the vicinity of the Cu surface is
higher at the Cu sample center than at the Cu sample edges. The higher
Cu partial pressure thus reduces the Cu evaporation rate and enhances
the graphene formation.

Cu/Cu
interface

Cu film

Figure 4.11: Schematic depiction of two Cu film substrates placed
in close contact to obtain a high level of surface confinement. In-
lens SEM images in (a), (b) and (c) have been taken on the Cu
surface areas near the sample edge, at an intermediate location and
at the sample center as illustrated by the frames in the depiction.
The growth has been obtained using ty=30 min, R=0.65 and Pgy.=2
mbar.

The spatial variation of graphene growth with the distance from the
Cu edge is more pronounced when two Cu substrates are facing each
other (Cu/Cu interface) compared with when one Cu sample is facing a
catalytically inert quartz surface such as a quartz wafer.
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4.2.3 Wafer-scale graphene growth

Now that the Cu samples are placed on a fused quartz wafer instead
of inside a ceramic boat, samples with larger dimensions can be loaded
in the CVD tube that has an inner diameter of 9.2 mm. When using
an entire 3-inch-Cu/SiO2/Si wafer (see Fig. 4.12), it appeared that the
graphene can grow over most of the Cu surface area.

Figure 4.12: Photograph of 3-inch fused quartz wafer deposited
in direct contact with an entire catalytic substrate (800-nm-thick
Cu film pre-deposited on a 300-nm-thick SiOz/Si wafer). The two
wafers are intentionally misaligned for the photograph in order to
readily distinguish both wafers.

As shown in Fig. 4.13, it appeared that the graphene growth rate (and
thus the Cu surface area covered by graphene) increases with the dis-
tance from the Cu sample edges and reaches a maximum in the Cu
sample center. This result indicates that a sufficient high amount of
Hs and CH4 molecules have been able to diffuse over more than 3.5 cm
along the interface between the Cu and the quartz surface despite the
fact that the two wafers are separated by less than 5 microns. More in-
terestingly, it can also be observed in Fig. 4.13 that the graphene growth
front is less dendritic for domains growing near the Cu sample center
than for those growing near the the Cu sample edges. This observation
is rather surprising as larger domains tend to have more graphene front
instabilities.
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Figure 4.13: Graphene growth spatial evolution for a 3-inch Cu film
wafer confined with a quartz wafer (R=1.3). SEM images taken on
the Cu surface at a) 2.8, b) 2.0, and 0 cm from the wafer center,
respectively. Black dots serve as visual guides for nucleation sites.
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Finally, the lower nucleation site density obtained in the central region
of the Cu wafer allows the domains to reach a lateral size exceeding
100 pm while those growing in the Cu sample periphery can only reach
a dimension of about 50 pm before merging with adjacent domains.

The evolution of both the graphene growth front (and thus the graphene
domain shape) and the nucleation site density with the distance from the
Cu sample edge can be explained by a gradual modification of the gas
phase composition in the vicinity of the Cu surface. Near the Cu sample
edges, the gas composition in the vicinity of the Cu surface is rather sim-
ilar to the one of the gas flow mainstream and contains a partial pressure
of Ar, Hy and CHy which is controlled by the mass flow controllers. In
order to reach the center of the Cu sample, the various gas molecules
have to diffuse along the interface. Due to their small molecular size, Ho
molecules have a higher diffusivity and can thus more easily travel along
the interface compared to Ar and CH4 molecules. On the other hand,
the mean free path of gas molecules (which strongly depends on the
global pressure) is inferior to 100 pm which suggests that the molecules
will collide many times with the Cu and quartz surfaces before reach-
ing the center of the catalytic substrate. As part of CH4 molecules will
be adsorbed by the Cu surface to contribute to the growth of graphene
along the interface and as Hy is a by-product of the graphene formation
reaction, it is very likely that the Ho-to-CHy ratio is greatly improved
in the central region of the Cu sample compared to its periphery. The
local improvement of the graphene nucleation site density and graphene
growth front morphology can thus be explained by the local increase of
the Ha-to-CHy4 ratio and the local depletion of methane in the gas phase.

These new outcomes suggest to reconsider the aforementioned mechan-
ism proposed to explain the enhanced graphene growth rate present in
confined Cu areas. Although the Cu vapor trapping might play an im-
portant role in growing graphene, the increase of graphene growth rate
observed in the center of confined Cu substrates can also be explained
by the improved Ho-to-CH4 ratio. As explained in Chapter 2, hydrogen
has a dual role in graphene growth as it serves as a co-catalyst for the
graphene growth reaction and as an etching agent for graphene at the
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edges of graphene domains. In general, increasing the hydrogen con-
centration boosts the graphene growth rate when the CVD process is
achieved under low Ha-to-CH4 conditions while it slows down the growth
when it is achieved under high Hy-to-CHy conditions?. Given the dend-
ritic shape of graphene domains and the low Hs-to-CHy4 ratio values that
can be obtained with the initial CVD furnace setup compared to the lit-
erature (see tables in Chapter 2), it is evident that the Ha-to-CHy4 ratio
present in the gas mainstream of the CVD furnace is suboptimal. The
enhanced growth rate present in the Cu sample center is thus consistent
with an increase of the Ho-to-CHy ratio.

4.2.4 Catalyst poisoning

Intriguingly, it appeared that surface confinement was not necessary any-
more to grow graphene on Cu thin film when entire Cu/SiO2/Si wafers
were employed instead of cleaved pieces. However, the graphene growth
results were not repeatable as similar CVD experiments applied on differ-
ent individual catalytic wafers were producing different graphene growth
results. In order to determine the mechanism responsible for the sup-
pression of graphene growth when using cleaved Cu/SiO2/Si samples
instead of entire wafers, both samples have been loaded simultaneously
into the CVD furnace so that they undergo identical CVD conditions
and share the CVD atmosphere. When observing both samples by the
means of the SEM, it appeared that no graphene was present on the
surface of both samples.

After performing a few other similar experiments, it has been found
that the major reason responsible for the absence of graphene on the Cu
surface is the Cu catalyst poisoning by silicon. Cleaving the Cu/SiO2/Si
wafer into pieces opens up Si surfaces at the sample edges that are in
direct contact with the furnace atmosphere during the CVD process.
During the high temperature low pressure process, the Si surfaces are
prone to release Si vapor into the CVD furnace. This Si vapor is carried

2Chapter 6 will show that the balance is not only dictated by Ha-to-CH, ratio but
also by the Pcn, as well as the global pressure.
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away by the flow mainstream and transported onto the Cu surface to
form a Cu-Si alloy. This layer of Cu-Si alloy passivates the catalyst
surface and prevents any graphene growth.

In theory, using an entire Cu/SiOy/Si wafer protects the CVD atmo-
sphere from a Si contamination but it represents a substantial risk in
practice. Many elements can contribute to release Si inside the CVD
atmosphere and jeopardize the CVD process:

1. Direct release of Si in the CVD atmosphere: Si vapor can be
released into the CVD furnace atmosphere if the SiO2 coating is
removed. It has been found that just introducing a Si sample
of about 1x1x0.38 mm?® is enough to completely suppress the
graphene growth over entire 3-inch catalytic substrates. It is thus
essential to ban cleaved Cu/Si/SiO2 samples from the CVD fur-
nace. It is also essential to avoid any adventitious scratchs in the
SiO9 layer during pre-CVD processes such as the standard clean-
ing or the Cu evaporation process. Cu surface poisoning coming
from undesired Si vapor in the CVD atmosphere can be observed
as it modifies the Cu surface roughness, makes the Cu film more
prone to voiding and prevents the Cu grain growth (see Fig. 4.14).

Figure 4.14: Optical microscope image of a Cu film contaminated
by St vapor upon the CVD process.
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2. Cu-Si inter diffusion through the SiO; layer: The high temper-
ature required for the CVD process promotes the inter-diffusion of
Cu in Si and vice-versa. If the SiO layer is too thin or has a
bad quality, the Cu film can diffuse through the SiO2 layer and
react with the underlying silicon substrate. It has been observed
that if the Si substrate is in direct contact with the Cu film during
the CVD process, it acts as a sponge which absorbs the Cu and
swells. The increase of volume upon the absorption of Cu makes
the SiOq layer crack, burst and produce a cascading effect that
severely damages the substrate. For instance, Fig. 4.15 shows
what happened when using a 90-nm-thick SiOs film instead of a
300 nm.

a)

Figure 4.15: Photograph and optical microscope images of a Cu
film substrate after attempting to grow graphene using a 90-nm-thick
instead of a 300-nm-thick thermal oxide layer. Images (b) and (c)
have been taken near the wafer edge. The absorption of Cu in the

bulk of Si makes the SiOgz film burst.
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It is evident that the SiOq film cracking is due to inter-diffusion
phenomena as the wafer periphery which has not been coated with
the Cu film during the metallization process is crack-free.

3. SiO2 layer bursting/cracking: The long-duration exposure to high
temperature can make the SiOg layer burst by itself. This phe-
nomenon is more prone to occur when employing a non-optimal
thermal oxidation process for the Si wafer and at the Cu/Si/SiO9
backside due to its strong surface roughness. Figures 4.16a-b show
the backside of a Si wafer that has been oxidized with a recipe al-
ternating dry and wet oxidation process steps. Upon the CVD
process, the high temperature causes the SiOs layer to burst in
numerous places which thus become punctual sources of Si vapor.

Figure 4.16: a) Photograph of the Cu/Si/SiOz wafer backside after
a CVD process. The whitish hue in (a) is caused by numerous burst
shown in the optical microscope image in (b). ¢) Optical microscope
image of the Cu surface when the Si contamination occurred at the
end of the graphene growth step.
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As this phenomenon takes place at high temperature, it mostly
happens during the graphene growth process as shown in Fig.4.16c.
As the Cu surface was Si-free at the early stage of graphene growth,
the nucleation and growth of graphene were possible. Due to the
impermeability of graphene, only the bare Cu surface gets contam-
inated by the Si vapor.

The high temperature can also either cause thermo-mechanical
stress into the Cu/Si/SiO2 system or make large samples buckle /bend
under their own weight. These phenomenon contribute to the
weakening of the SiOg layer and makes it more prone to crack-

ing as shown in Fig. 4.17.

Figure 4.17: Optical microscope images of Cu film surface after a
CVD process with the Cu substrate only supported by two extremities
making it more prone to buckling under its own weight.
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4.3 Role of surface confinement

4.3.1 Confinement as observed

The various experimental results presented in the preceding sections
suggest that confining the Cu surface is a powerful and versatile tool to
improve the synthesis of graphene. This section aims at reviewing the
numerous mechanisms that are involved when using Cu surface confine-
ment and describes how it favors the synthesis of high-quality graphene.

Suppression of Cu evaporation loss

Placing a flat and smooth inert material in close contact with the Cu
vapor has been shown to efficiently trap the Cu vapor in the vicinity
of the Cu surface. This vapor trapping establishes a quasi-static ther-
modynamic equilibrium between the solid and vapor phase of Cu which
hinders further evaporation of the catalyst (as depicted in Fig. 4.18).

a) ‘ ‘ .Ar ‘ ./' b) Fused quartz

Figure 4.18: Schematic depiction of the influence of surface confine-
ment on the evaporation of the Cu catalyst: a) strong Cu evaporation
in absence of confinement. b) Cu vapor trapping and evaporation
SuUppression using a quartz capping.

The suppression of evaporation loss is particularly interesting when
growing graphene on thin Cu films as the evaporation loss leads to Cu
film thinning, voiding, fingering, and solid-state dewetting eventually.
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Cu surface confinement thus enables the growth of graphene on thin Cu
film using a higher temperature (T < 1050 °C) and for a longer duration
which is essential for achieving high-quality graphene.

Although the Si contamination is the major factor inhibiting the nucle-
ation and growth of graphene on thin Cu film, it has also be found that
graphene can only be grown at lower pressure (Pg~0.5 mbar) when the
Cu surface is confined. As described in section 4.1, this phenomenon
was also observed on Cu foil. It is thus believed that there exists a
competition between the Cu evaporation and the graphene growth but
the Cu evaporation is only detrimental for graphene nucleation at lower
global pressure.

Improved CVD conditions at Cu surface

In addition to controlling the Cu vapor in the vicinity of the Cu surface,
the Cu surface confinement also modifies the partial pressure of methane,
hydrogen and argon. Indeed, due to the capping material deposited in
close contact with the Cu surface, the transport of CHy and Hy gas
molecules is achieved through diffusion at the interface instead of gas
convection in the atmosphere mainstream. Given that the gas phase
diffusivity is higher for Ho than for CH4 and Ar molecules and given
that the CH4 molecules are consumed by the Cu surface to produce
graphene and Hs as a by-product, the partial pressure of CHy decreases
while the partial pressure of Hy increases with the distance from the Cu
sample edges. The enhanced Hs-to-CHy ratio and lowered CHy4 partial
pressure present in the central region of the sample compared with the
atmosphere in the CVD furnace is depicted in Fig. 4.19. Cu surface
confinement is thus particularly interesting when the CVD setup cannot
deliver optimal conditions such as a low partial pressure of methane and
a high Hs-to-CHy ratio which are known to improve graphene domain
density, shape and structural quality.
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Figure 4.19: Schematic depiction of the influence of surface con-
finement on the composition of the atmosphere near the Cu surface
(a) close to the Cu sample edge and (b) in the central region of the
Cu sample.

Protection of Cu surface from undesired species

Cu surface confinement also prevents undesired gaseous species to reach
the Cu surface and have a detrimental effect on the graphene growth.
The capping material placed between the Cu surface and the CVD at-
mosphere prevents adventitious particles transported by the gas flow
mainstream to be deposited on the Cu surface. The capping material
also prevents the Cu catalyst to gather all the contaminants that have a
strong affinity with it including carbonaceous gas molecules and ubiquit-
ous silicon. The contamination can have various impacts on the synthesis
of graphene. Some particles can be deposited on the Cu surface and act
as parasitic active sites for nucleation. Carbonaceous species resulting
from the pyrolysis of adventitious polymeric residues inside the CVD
furnace during the warming step can be transported through the CVD
chamber and cracked on the Cu surface similarly to methane. This phe-
nomenon increases the carbon concentration of the Cu surface prior to
the graphene growth step and makes the catalyst more prone to produce
unwanted additional graphene nuclei.

In order to reach the Cu surface, the undesired species have to diffuse
along the interface. Owing to the small spacing between the Cu and the
quartz surfaces, these species have a finite diffusion length and can only
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Figure 4.20: Schematic depiction of the role of Cu surface confine-
ment in reducing the arrival of undesired species that can adversely
impact the growth of graphene. a) Edge of the Cu sample which is
exposed to all sorts of undesired species present in the CVD atmo-
sphere. b) Purified atmosphere in the vicinity of the Cu surface in
the central region of the catalyst owing to the finite diffusion length
of the undesired gas molecules.

interfere with the graphene growth on the Cu sample periphery. The
protection of undesired species is even more important when it prevents
the Cu catalyst poisoning from silicon as schematically represented in
Fig. 4.20.

Better reproducibility

The quartz cap protects the Cu surface from gas flow non-uniformities
or turbulences that are inherent to any CVD systems and difficult to
control, measure and predict. Tuning the surface confinement by ad-
justing the spacing of the interface or the size of the sample makes
the graphene deposition more controllable and can lead to improved
graphene uniformity.
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4.3.2 Confinement in the literature

The results presented in this chapter have been found back in 2013-
2014. At that point, very few research groups reported that the graphene
growth could be improved by avoiding, in one way or another, the direct
exposure of the Cu surface from the CVD gas mainstream.

In this respect, Li et al. [105] were the first to report improved graphene
growth results using a particular Cu foil geometry. By bending a Cu
foil in two and then crimping the three remaining sides, they obtained
a Cu foil enclosure (also called "pocket") that has been loaded in the
CVD furnace. Although graphene was produced inside and outside the
enclosure, the inner surface was exhibiting a lower graphene domain
density that could reach a lateral size of about 0.5 mm after extended
periods of time (>1h). The improved graphene results were attributed
to a lower partial pressure of methane, the Cu vapor in static equilibrium
and a potentially lower pressure of unwanted species in their non-UHV
system. They however did not provide any concrete evidence supporting
their claims.

One year later, in 2012, Zhang et al. [124] rolled up a Cu foil and placed
it into a quartz tube with only one open end (also called "cuvette").
This cuvette was then placed into the CVD furnace with the open end
facing the CVD furnace gas inlet. They observed that placing the Cu
foil inside the cuvette was yielding large flower-shaped graphene domains
with lateral size reaching 100 pm while placing the Cu foil outside was
leading to a continuous graphene film with slight etching. They believed
that the gases that were flowing into the tube get trapped inside, thus
leading to a gas composition and gas flow rate different from outside the
cuvette. More particularly, they believe that the vapor trapping effect of
the cuvette reduces the carbon supply and creates a quasi-static reactant
gas distribution.

In 2013, Chen et al. [107] also employed different Cu foil geometries
by rolling up the foils into long narrow tubes (5 cm-long with a 5 mm
diameter) or stacking them on top of each other. They demonstrated
that these geometries were able to produce graphene domains reaching
a lateral size of about 1.9 mm. The low nucleation site density required
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to achieve such a result was, according to the authors, exclusively at-
tributed to the evaporation and re-deposition of Cu atoms on the inner
side of the Cu tube that was making the inner Cu surface about 10 times
smoother than the outer one.

Although these three pioneering papers did not provide a comprehensive
explanation about the physical mechanisms that contributed to improve
the graphene growth results, they aroused considerable interest among
the scientific community.

Cu foil pockets and other geometries: Jacobberger et al. [88] used
Cu foils pockets to enclose their epitaxial Cu films on which they wanted
to grow graphene as they argue it offers unique advantages including (i)
the steady-state supply of Cu vapor from the Cu foil to the Cu film,
thus reducing morphological evolution of the Cu film upon exposure
to high-temperature low pressure conditions over long periods of time,
(ii) the reduction of SiO2 particles deposited on the catalytic surface
that are believed to originate from the quartz tube and that can act
as preferential sites for nucleation, and (iii) the tortuous paths that
the precursors have to diffuse through in order to enter the Cu foil
decreases the precursors partial pressure and thus reduces the nucleation
site density.

Similarly, Miseikis et al. [106] ascribed the reduction of nuclei density
to a lower precursor impingement flux inside the Cu foil enclosure. In
contrast, Hsieh et al. [180] believed that the main role of the enclosure
lies in improving the Cu surface roughness.

In a different vein, Hsieh et al. [181] conducted the growth of graphene
on a close-packed stack of gapless and alternating layers of graphite and
Cu, aiming to achieve a high-throughput production. Although they did
not obtained large graphene crystals, they observed a 10-fold decrease of
the nucleation site density in confined Cu surfaces compared with non-
confined Cu foils. They attributed this observation to the reduction
of precursor concentration below the critical threshold of adsorption-
controlled nucleation kinetics. They also observed that the nucleation
site density remains relatively constant over the confined Cu foil surface
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while the domain size is significantly smaller in the center of the confined
sample. They explained these observations by the fact that the growth
process is controlled by the arrival of methane which takes place through
diffusion at the interface and which is impeded in the sample center.

Quartz cuvettes and restricted reaction chambers: Rummeli et
al. [109] observed that placing the Cu foil inside quartz cuvettes (with the
open end facing the gas exhaust of the CVD furnace) was contributing
to the homogenization of the graphene film number of layers. This
observation was explained by the fact that methane molecules have to
surround the cuvette in order to gently diffuse inside and reach the
Cu foil. This elongated path leads to fewer active species on the Cu
surface and thus lowers the chances of forming bilayers. Other research
groups also employed backward faced quartz cuvettes [110,111]. Wang
et al. [110] employed a 40-cm-long cuvette and attributed the ultra low
nucleation site density obtained near the close end of the cuvette (~ 10
nuclei/cm?) to the significant reduction of the gas flow velocity along
the Cu surface (by about 5 orders of magnitude). Song et al. [111]
showed that the "vapor blocking effect" induced by the cuvette leads to
a re-distribution of the gas flow field and significantly enhances the Ho-
to-CHy ratio. Their computational fluid dynamics (CFD) simulations
pointed out that the gas convection inside the cuvette is suppressed and
given that the diffusivity of CHy is lower than the one of Hy, the cuvette
has a higher Ho-to-CH,4 ratio and a lower partial pressure of CHy.

Instead of using hand-made Cu foil complex geometries or using rel-
atively large cuvettes that only induce a shallow confinement effect, a
few research groups employed customized mountings that could support
the Cu foil and create a confined reaction space [112,182,183]. Cho et
al. [182] built up an alumina "jig" in which the gap between the lower
plate and the upper lid can be adjusted between 100 pm and several mil-
limeters. When the gas stream flows through the gap, the various gas
species reach the Cu foil via molecular diffusion instead of convection.
They observed that the jig was limiting the degradation of the Cu sur-
face morphology induced by the strong Cu sublimation during the Cu
annealing step but they however did not observe an impact on the nucle-
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ation site density. Chen et al. [112] devised a confined reaction space in
which the Cu foil is sandwiched between a pair of quartz slides separated
by a 50-pm-thick U-shape tungsten spacer with the gas inlet oriented
toward the gas outlet of the CVD furnace. They pointed out that us-
ing a confined reaction space hinders the gas-phase transportation of C
precursors on the catalyst surface thus making the graphene growth kin-
etics shift toward a mass-transport-limited regime which tends to make
the growing front of graphene domain more dendritic.

Confinement using Cu films: Lee et al. [139] reported that covering
the Cu film during the CVD protocol contributes to reducing the Cu
evaporation loss induced by the exposure to high temperature/vacuum
environment, and thus enables the high-temperature annealing of the
Cu film for more than 4 hours without severe damages. They also found
that the Cu grain evolution saturates after a 60-min long annealing step
and the graphene domain size is independent of the underlying Cu grain
size. Lester et al. [184] also observed that confining the Cu film surface
was lessening the loss of Cu during the CVD process and thus preventing
the walls of their cold-wall CVD setup to be coated with Cu.

Cu foil backside-induced confinement: Very recently, Wang et al.
[114] showed that the nucleation site density on the Cu foil backside
was better than the one on the Cu foil topside. They annealed the
Cu foils under a non-reducing atmosphere in order to maintain the Cu
native oxide layer on the Cu foil surface and thus to benefit from the role
of oxygen in decreasing the nucleation site density (which is discussed
in chapter 7). The better nucleation density obtained on the Cu foil
backside was attributed to the confinement-induced trapping effect that
prevents oxygen from escaping the surface and thus stays for a longer
period of time in the vicinity of the Cu surface.
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4.3.3 Discussion

The aforementioned papers agree in one way or another that avoiding
the direct exposure of the Cu substrate improves the growth of graphene.
Cuvettes have been found to locally reduce the velocity of gas species
flowing along the Cu substrate and locally reduce the C precursor con-
centration. Cu enclosures, stacks, rolls or confined reaction space not
only result in quasi-static CVD conditions but they appear to be more ef-
ficient to trap Cu vapor and establish a quasi-static equilibrium between
the gas-phase and the solid phase of Cu, thus preventing Cu loss and con-
tributing to smoothen the surface. There are however some discrepencies
concerning the impact of confinement on the nucleation site density, the
graphene growth rate or the graphene growth front morphology.

Obtaining a lower C precursor concentration in the gas phase, suppress-
ing the Cu evaporation and slowing down the gas flow stream can how-
ever be achieved at the CVD reactor scale by diluting the methane flow
rate, performing the CVD growth under higher global pressure levels,
and reducing the global flow rate, respectively. Nevertheless, these CVD
parameters have not been able to successfully produce graphene with
equivalent quality as obtained with Cu surface confinement, evidencing
that our understanding of the involved graphene growth mechanisms
remains quite limited.

The lack of understanding mainly arises from the wide variety of CVD
procedures that have been reported including (i) different Cu pre-growth
treatments, (ii) mainstream CVD conditions, and (iii) various approaches
employed to achieve the confinement. Especially, the arbitrariness of the
hand-made Cu foil geometries results in a non-reproducible local envir-
onment as the blocking effect of gas species diffusing in (Hg, CHy, Ar)
or out (Cu vapor) the enclosure varies from one process to another.
Moreover, it has been discovered that active C species adsorbed on the
Cu surface could diffuse through the Cu foil thickness and contribute
to graphene nucleation and growth on the other side which makes the
growth mechanisms inside Cu enclosures, tubes and stacks more complex
to study (see ref. [185] and chapter 7).
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It is truly believed that Cu films can be of great interest for systematic-
ally investigating the exact role of Cu surface confinement. The smooth,
flat and rigid catalytic substrate can be used to obtain a constant gap
over a long range, thus better controlling the extent of the surface con-
finement. Cu samples can also be held vertically in the horizontal CVD
furnace which makes them oriented perpendicularly to the gas flow and
thus reduces convection effects. Moreover, using a Cu film evaporated
on a quartz substrate suppresses the contribution of C species that are
generated on the other side and capable of diffusing through the cata-
lytic substrate thickness as it is the case for Cu foils. It is also worth
mentioning that rigorously investigating the impact of Cu surface con-
finement on the graphene domain morphology requires a sufficiently low
nucleation site density. Indeed, large domains must be grown in order
to observe the instabilities of the growth front which only really appear
for domain sizes exceeding several tens of microns.
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4.4 Conclusions

The preliminary CVD experimental campaign described in this chapter
has been helpful to observe a series of original growth behaviors and to
better understand the complex CVD mechanisms governing the growth
of graphene.

First, it is found that growing graphene on thin Cu films is more com-
plex than on widely spread Cu foils. The main difficulty lies in achieving
appropriate CVD conditions while maintaining the Cu film physical in-
tegrity and avoiding the Cu catalyst poisoning. The Cu film integrity
can be maintained by either adapting the CVD protocol, increasing the
Cu film thickness or by exploiting the Cu surface confinement.

Second, it is found that Cu surface confinement is a powerful tool to
improve the graphene growth results. This Cu surface confinement that
has been mainly studied using thin Cu films is very likely to be respons-
ible for the better graphene results obtained at the Cu foil backside
compared with the Cu foil topside which is directly exposed to the CVD
furnace atmosphere.

Finally, it has been found that using silicon wafers represents a high de-
gree of contamination risk for the CVD furnace. Using an entire 3-inch
Cu/SiO2/Si/SiOq for every single CVD experiment does not represent a
viable approach given that their fabrication is time, resource and energy
consuming, cumbersome and involves a great deal of money. Moreover,
the pre-CVD processing of Cu film substrates (for instance, to deposit
or pattern the Cu film) is rather limited as any process step could poten-
tially damage the thin SiO9 coating that protects the CVD atmosphere
from the silicon. Moreover, the contamination induced by the CVD pro-
cessing of one defective Cu film substrate can alter the graphene growth
of subsequent CVD experiments, which is detrimental to the repeatab-
ility and reproducibility of the CVD processes.
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These findings provide a series of guidelines that are of central import-
ance for further improving the CVD process:

1. Catalytic substrate

Given that the Cu film represents a more attractive catalytic substrate
than the Cu foil, it has been decided to further investigate the growth
of graphene on thin Cu films. However, the thermally oxidized silicon
wafer is replaced by a fused quartz wafer which is resistant to high tem-
perature processes, chemically inert and can be cleaved in small pieces
(as explained in chapters 3). Moreover, as explained later in this thesis
(see chapters 6 and 7 ), it is essential to expose the Cu catalyst to high
temperatures for both the Cu annealing and graphene growth steps in
order to obtain millimeter-size graphene domains. In order to maintain
the physical integrity of the Cu film upon the CVD process, it will be
thus preferred to increase the Cu film thickness rather than minimizing
the exposure to high temperature.

2. CVD conditions

The better graphene growth results achieved using Cu surface confine-
ment are mainly attributed to better CVD conditions locally generated
in the vicinity of the Cu surface. Unfortunately, the Cu surface con-
finement reduces the scalability of the CVD process. Although the Cu
surface confinement has been proven to be beneficial for the graphene
growth on 3-inch wafers, it is probably not the case for larger samples
or other CVD conditions. Improving the conditions present in the CVD
atmosphere and not only in the vicinity of the Cu surface is crucial for
the development of a scalable process. As a consequence, the main fo-
cus of future efforts have been dedicated to modify the CVD equipment
in order to obtain higher Hs-to-CH, ratio and lower Pcy, inside the
CVD furnace. The various modifications made to the CVD equipment,
along with their potential impact on the CVD conditions are described
in chapters 5.






Chapter 5

CVD Equipment Customization

As aforementioned in chapter 2, graphene domain size, density and num-
ber of layers strongly depends on the CVD conditions employed dur-
ing the graphene growth step. In chapter 4, various combinations of
CVD parameters including the global pressure (Pg;), growth temperat-
ure (Tg), gas flows of methane (Fop,) and hydrogen (Fg,) have been
investigated in order to elaborate a "CVD recipe" yielding high-quality
single-layer graphene.

Chapter 4 demonstrated that even under the best conditions that could
be achieved with the initial CVD setup, the graphene growth results
were very poor compared to what was reported in the literature. The
only decent graphene growth results were obtained using Cu surface
confinement that is believed to locally enhance the hydrogen-to-methane
ratio (R) and reduce the partial pressure of methane (Pcyy,).

Instead of improving the growth conditions locally in the vicinity of the
Cu surface using particular Cu substrate configurations, improving the
gas flow mainstream composition represents a more viable and desirable
route for industrial production. This chapter describes step-by-step the
successive modifications that have been made to the initial CVD setup
and how these modifications impacted the CVD parameter space. Un-
like chapters 4, 6 and 7 that aim at better understanding the graphene
growth mechanisms and improving graphene quality by taking into ac-
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count scientific and technological considerations, this chapter focuses on
improving the growth of graphene using more technical considerations.

5.1 Initial CVD setup

As a reminder, in the first stage of the CVD parameters investigation,
Ty, was set to 1000 °C which is an intermediate temperature between the
threshold temperature for graphene growth on Cu using methane (~840
°C) and the Cu melting temperature (~1084 °C). Although increasing
the temperature yields better graphene results in terms of nucleation
site density and number of layers, it also contributes to damage the Cu
substrate through evaporation loss. The LPCVD setup was not designed
to properly control the global pressure inside the furnace and P, could
only be adjusted in the 0.5-2 mbar range using the throttle valve.

When seeking optimal values for Py, and Ha-to-CHy ratio and trying
to understand their role in graphene growth, it has been observed that
the best results were achieved when the methane flow rate was set to its
minimum (5 sccm), and the hydrogen flow rate was set to its maximum
(65 sccm). Although the mass flow controller (MFC) is able to deliver
an even lower methane flow rate, this value corresponds to 5% of the
MFC’s full scale and represents a reasonable lower limit in order to have
reproducible and repeatable experiments. Using a higher hydrogen flow
rate would have been beneficial for graphene growth but the pumping
system can only tolerate a total gas flow rate of about 70 sccm. Unfor-
tunately, even under optimal conditions, as-produced graphene domains
were exhibiting a dendritic shape and lateral dimensions inferior to a
dozen of micrometers as shown in Fig. 5.1.

These poor initial synthesis results suggested that the CVD system had
rather limited capabilities. Table 5.1 displays the Ha-to-CH4 ratios and
methane concentration (Ccp, ) and Pcp, in the worst and best case scen-
arios that could be reached with the initial CVD setup. These conditions
are calculated using the general equations:

Furjcn, X Do,
Farjcmy + Farjm,

PCH4 :Ptot X (51)
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Figure 5.1: In-lens SEM image of graphene domains as-grown on
the Cu foil backside using the initial CVD equipment.

Pcn,  Farjcn, X Deon,
Piot FAT/CH4 + FAr/Hz ,

(5.2)

Far/my X Do,

R_

= . 5.3
Farjcu, X Den, (5:3)

Dcn, and Dpy, are respectively the dilutions of the CHs and Hy gas
feedstocks. Initially, Dcm,=100 % and Dy,=5%. The Pcn, equation
does not take into account the third gas line containing pure argon
feedstock as adding a pure Ar flow will have a detrimental impact on
the Ha-to-CHy ratio given the constraint about the global pressure that
cannot exceed 70 sccm.

Again, for reproducibility and repeatability concerns, the lowest Ar/Hj
gas flow rate that has been used during the CVD parameters investig-
ation is set to 10 sccm which corresponds to 5% of the full scale of the
MFC. Comparing the parameter space that can be achieved with the ini-
tial CVD setup with those reported in literature (see tables in chapter
2) reveals that the setup has to be modified in order to reach higher
Hs-to-CHy ratios and lower Ccp,. The following sections describe the
various adjustments that have been made to the CVD setup and how
they impacted the CVD parameter space.
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Table 5.1: Summary the CVD conditions achieved in the best and
worst case scenarios with the initial CVD equipment. The best res-
ults have been obtained with Py.=0.5 mbar while the worst results
have been obtained with Pg.=2 mbar.

Gas flows Hy/CH4 Ccu, Pcn, [mbar]
Best | [ CHa=O scem ~ 0.65 ~TAx1072 | ~3.6x 1072
Far/m,=65 sccm
Worst | | CHa=00 scem ~83x 1073 ~ 0.86 ~ 1.7

Far/n,=10 sccm

5.2 Increasing H, concentration

The first modification concerns the dilution of the Ar/Hs gas feedstock
that has been raised from 5 % to 10%. Maintaining a relatively low
concentration of hydrogen is preferable knowing that its lower explosive
limit (LEL) is ~4% in air. A concentration of 10% represents a reason-
able amount of hydrogen that meets the safety requirements in case of
leakage during the high temperature CVD process. As shown in table
5.2, the two-fold increase of Dy, improves the Ho-to-CHy ratio but does
not impact methane partial pressure or concentration.

Table 5.2: Summary of the CVD conditions achieved in the best and
worst case scenarios after increasing the Hy feedstock concentration
from 5% to 10 %.

Gas flows HQ/CH4 CCH4 PCH4 [mbar]
Best | Foma=oscam | g ~T71%1072 | ~3.6x 102
Far/n,=65 scem
Worst | Foma=00scem o2 ~ 0.86 ~ 1.7

Far/n,=10 scem
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5.3 Diluting CH, gas feedstock

In order to reach a higher Ha-to-CH4 ratio and a lower Py, the meth-
ane gas feedstock has been diluted in argon with a concentration of
10%. Even though the Ho-to-CHy ratio can be set to values 20 times
higher than initially, the best graphene growth results in terms of domain
shape and size are still obtained using the lowest amount of methane and
largest amount of hydrogen that can be delivered by the MFCs while
avoiding the pump to shut down (see table 5.3). Figure 5.2 shows that
graphene domains produced with a Ho-to-CHy ratio of 13 still present a
strong dendritic growth behavior.

Table 5.3: Summary of the CVD conditions achieved in the best
and worst case scenarios after decreasing the CH, feedstock concen-
tration from 100% to 10%.

Gas flows H,/CHy Ccm, Pcn, [mbar]
Best | LAr/CH =D SCam |y ~T1x1073 | ~3.6x 1073
Far/1,=05 scem
FAr/CH =60 sccm -2
Worst 4 ~ 0.17 ~ 8.6 x 10 ~ 0.17

Far/m,=10 sccm

Figure 5.2: In-lens SEM image of graphene domains as-grown on
the Cu foil backside using a Hp-to-CH, ratio of about 13 and a pres-
sure of about 1 mbar.
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5.4 Changing the pumping system and switching
the MFCs

In order to further increase the amount of hydrogen and further dilute
the methane in the gas phase of the CVD furnace, the turbo molecular
pump has been replaced by a dry Scroll pump (Oerlikon Leybold Va-
cuum, ScrollVac SC-15D). This kind of pump has been mainly chosen
as it is relatively cheap (4094 euros excl. VAT), can tolerate a higher
gas flow throughput and does not contain any oil. Avoiding oil is critical
when producing graphene as any oil residues that would be transported
upstream would undergo pyrolysis in the furnace and adversely impact
the repeatability and reproducibility of the experiments. Even though
scroll pumps generally exhibit a poor ultimate vacuum (2x107? mbar)
compared with the turbo-molecular pump (2x10° mbar), it does not
impede the proper functioning of the CVD process. Indeed, pressures
below 10! mbar could only be reached when using a small total gas flow
(which prevents having a high Hs/CH, ratio) and would be causing an
excessive Cu sublimation upon the CVD process which is particularly
detrimental to the Cu film physical integrity.

As the pump can tolerate a larger total gas flow rate, the MFCs of
Ar and Ar/Hs have been switched in order to be able to introduce an
hydrogen flow rate up to 500 sccm. Yet again, the best graphene growth
results were obtained when employing the CVD conditions at the limits
of the capabilities of the setup as shown in table 5.4.

Table 5.4: Summary of the CVD conditions achieved in the best
and worst case scenarios after replacing the turbo pump by a scroll
pump and switching the MFCs.

Gas flows H,/CHy4 Ccm, Pcn, [mbar]
Best | LAM/OH =D Scem g, ~9.9%x107% | ~5x10~*
Far/1,=500 sccm
Worst | D ar/om=100scem 1y o ~8x 1072 ~0.16

Far/m,=25 scem
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5.5 Tubo-molecular pump for cleaning purposes

Although the turbo-molecular pump has been replaced, it has not been
thrown away but placed in parallel with the scroll pump in order to be
able to exploit it when a lower global pressure needs to be established
in the CVD furnace (see Fig. 5.3). Reaching a low pressure is partic-
ularly interesting for cleaning the substrate support, the inner walls of
the CVD furnace and the thermoblocks that accumulate Cu condens-
ates and undesired graphene. Indeed, through each CVD process, the
Cu catalyst evaporates and re-deposits inside the CVD furnace, most
likely on the inner wall of the CVD furnace due to the presence of tem-
perature gradients.

As explained later in chapter 6, the modification of the cleanliness of
the furnace can impact the growth of graphene. It is thus preferable to
proceed to the cleaning of the equipment once in a while.

The cleaning process can be either performed using chemicals or by phys-
ical evaporation/desorption/etching. Using successive baths of HC1/H202,
H9SO4/H309 (known as Piranha solution) and HF /HoO mixtures is the
most effective way to etch away the stacks of Cu/graphene sporadically
deposited inside the quartz tube. However, this cleaning approach is not
very convenient given that (i) it requires particular precautions while
handling hazardous chemicals with the cumbersome 1.2-m-long quartz
tube, (ii) it requires to de-assemble and re-assemble the flanges which is
a time consuming and tedious task, (iii) it is not an eco-friendly process
given the chemicals and the amount of de-ionized water employed and,
(iv) it requires a long-duration high temperature dummy CVD process
afterwards in order to anneal and evaporate residuals of chemicals. The
second approach to clean the CVD furnace consists of heating the CVD
furnace under a high temperature (>1080 °C) and low pressure (<1072
mbar) under a Ar/Hs gas flow for a few hours in order to etch away
the deposited graphene and carry away the vaporized Cu. Although
this approach is time and energy consuming, it is preferred over the wet
cleaning process.
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Cold cathode/Pirani - 5 Diaphragm
gauge

manual valves

Turbomolecular
pump

Diaphragm
backing pump

Figure 5.3: Photograph of the pumping system consisting of the
scroll pump mounted in parallel with the turbo-molecular pump. The
two manual diaphragm valves can be opened or closed depending on
whether (a) the CVD growth or (b) the CVD furnace cleaning is
rUNNIng.
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5.6 Adding a pressure control system

The new configuration of MFCs along with the scroll pump have ex-
tended the range of total gas flow that can be introduced in the CVD
furnace (5004+100=600 sccm instead of 70 sccm). Extending the total
gas flow range results in the broadening of the global pressure range
that can be established in the furnace during the CVD process. For
instance, tuning the total gas flow rate from 30 to 600 sccm can lead to
an increase of global pressure from 0.5 to 20 mbar while using the same
throttle valve aperture.

Unfortunately, the throttle valve is not suitable to precisely control the
global pressure inside the CVD furnace within the total gas flow rate
range. The coupling between the gas flow rate and the global pressure
reduces the parameter space and makes it more challenging to extract
the optimal conditions for the growth of graphene. To address this is-
sue, the CVD setup has been further customized by placing a pressure
control system between the CVD furnace and the pumping system. This
system, especially devised for the CVD furnace, consists of a rough dia-
phragm valve (Pfeiffer vacuum, DN 40 ISO-KF) placed in parallel with 2
fine metering valves (Pfeiffer vacuum, EVN 116, Gas dosing and shut-off
valve, DN 16 ISO-KF) as shown in Fig. 5.4a.

The rough valve is of primary use when purging the tube prior to any
CVD process (see configuration in Fig. 5.4c). Having a wide aper-
ture and straight pipes ensure that the pressure inside the CVD furnace
reaches a pressure level close to the ultimate vacuum of the pump within
a reasonable timeframe. The 2 metering valves are of particular interest
during the CVD synthesis protocol. These valves can be switched OFF
or ON and the apertures can be precisely adjusted using the rotary
knob. The interest of using two metering valves lies in the possibility of
controlling the global pressure of the Cu annealing step with one valve
and the one of graphene growth step with the second valve independ-
ently (see Fig. 5.4b). Using one single metering valve would require the
manual adjustment of its aperture between the Cu annealing and the
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Figure 5.4: o) Photograph of the pressure control system. b) Typical
CVD protocol temperature and gas flow profiles. The black dot in
t=0 corresponds to the CVD furnace purge achieved by opening the
rough diaphragm valve as shown in (c). The red and blue temper-
ature profile corresponds to the valve configurations depicted in (d)
and (e), respectively.
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graphene growth step as the desired global pressure and the total gas
flow rates employed for both steps most likely differ. As a consequence,
the conditions in the CVD process would thus depend on the rate at
which the aperture is adjusted and consequently on the dexterity of the
CVD setup operator. In contrast, using two distinct valves allows the
operator to preset their apertures before starting the CVD protocol and
simply switch them from ON- to OFF-modes and vice versa during the
CVD process as depicted in Fig. 5.4b-e.

Thanks to the pressure control system, the pressure inside the CVD
furnace can be adjusted from 0.1 mbar up to near atmospheric pressure.
The pressure is determined by the total gas flow introduced in the CVD
furnace and the size of the aperture. Injecting gases in the furnace raises
the pressure until it reaches an equilibrium between the gas flow injected
and the gas flow passing through the aperture of one or more valves. It
is interesting to note that the pressure reaches an equilibrium because
the gas density going through the aperture increases with the global
pressure while the flow velocity remains relatively close to the speed of
sound (~ 343 m/s).

5.7 Replacing the pressure gauge

After a few trials, it was observed that the pressure inside the CVD
furnace was strongly affected by the composition of the gas phase. For
a given valve aperture and a total gas flow, the pressure reader was dis-
playing two different pressure levels depending whether pure Ar, Ar/Hy
or Ar/CHy gases were employed. The pressure difference was getting
more pronounced as the global pressure was rising.

After checking out the gauge specifications, it appeared that Pirani
gauges are unsuitable for measuring the pressure of a gas phase mainly
composed of argon for pressures exceeding 1 mbar. It has thus been de-
cided to replace the hybrid Pirani/cold cathode gauge by a set of 2 inde-
pendent gauges composed of a Pirani gauge (Pfeiffer Vacuum, TPR270)
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and a capacitive gauge (Pfeiffer Vacuum, gas-independent transmitter
CMR361). The Pirani gauge remains of interest when purging the fur-
nace prior to starting the synthesis process. Pumping the CVD furnace
down to the ultimate pressure of the pump is useful to get rid of potential
undesired gaseous species and to verify that the furnace is hermetically
sealed. On the other hand, the capacitive gauge ensures the precise
measurement of the pressure in the 0.1-1100 mbar range, independently
on the gas-phase composition.

Using this customized CVD setup, graphene growth experiments can be
performed under either a low, an ambient or an intermediate pressure
regime. As shown in chapter 2, the literature reported the synthesis
of millimeter-size graphene domains under different pressure regimes.
The scientific community did not reach a consensus concerning the pres-
sure regime that would yield the best graphene results. Now that the
pressure level can be precisely tuned over a broader range (0.1 to 1000
mbar instead of 0.5 to 2 mbar), the best results are no more obtained by
simply using the conditions minimizing the partial pressure of methane.
It appeared that maximizing the Ho-to-CHy ratio is still a key strategy
to obtain the best results in terms of graphene domain shape and dens-
ity but tuning the global pressure regime over the entire range leads to
various results from almost no graphene formation under a global pres-
sure of 0.5 mbar to an excessively high density of graphene domain for
CVD runs performed at a pressure exceeding 50 mbar.

When the global pressure was limited to the the 0.5-2 mbar range, the
best and worst case scenarios for the graphene growth were perfectly
matching with the limits of the parameter space in terms of Pcy, and
H,-to-CHy4 ratio. Now that the global pressure represents a critical para-
meter to take into account, the optimal CVD conditions are more chal-
lenging to determine (see chapter 6). For the following sections, the
tables summarizing the attainable CVD conditions are no longer organ-
ized as best and worst case scenarios for graphene growth but rather as
lower and upper limits that can be achieved for the Ha-to-CHy ratio (see
table 5.5).
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Table 5.5: Summary of the CVD conditions that can be achieved
with the CVD setup after adding a pressure-control system. LP and
AP refer to global pressures of 0.5 and 1000 mbar, respectively.

Lower limit Upper limit
Gas flows Far/cu,=100 sccm Far/cn,=5 sccm
Far/1,=25 scem Far/11,=500 sccm
Hy/CHy | ~0.25 ~ 100
Ccn, ~8x 1072 ~9.9x 1074
p LP: ~4 x 1072 mbar | LP: ~ 5 x 10~% mbar
CHq AP: ~80 mbar AP: ~0.99 mbar

5.8 Further diluting CH,; gas feedstock

Yet again, testing various combinations of Ha-to-CHy ratios, Pcy, and
Pg; did not yield similar nucleation site densities to what have been
demonstrated in the literature. However, it is found that, for a given
Hs-to-CHy4 ratio, the compactness of as-produced graphene domains can
be significantly improved by performing the graphene growth step at a
higher pressure level. Unfortunately, it was observed that raising the
pressure also drastically increases graphene growth rate and adversely
impacts the nucleation site density. As a consequence, the growth of a
continuous graphene was completed within 15 minutes and it was becom-
ing difficult to observe isolated graphene domains at graphene growth
pressure levels beyond 50 mbar.

The high graphene growth rate and the poor nucleation site density sug-
gest that an excessive amount of C active species are adsorbed on the
catalytic surface. This is not surprising given that raising the pressure
level while maintaining the same methane concentration results in an in-
crease of the methane partial pressure in the gas phase. In other words,
compared with the LPCVD process, performing the CVD growth under
ambient conditions (1000 mbar) results in a 1000-fold increase of Pcy,
for a given Ho-to-CHy ratio.
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As it is challenging to study graphene growth at pressure levels super-
ior to 50 mbar, the parameter space that can be investigated is rather
limited and the potential of the newly designed CVD setup cannot be
fully realized. It has thus been decided to further dilute the methane gas
feedstock from 10% down to 2% in argon. After carrying out many ex-
periments, it appeared that raising the global pressure from 50 mbar to
750 mbar was producing graphene domains with hexagonal shapes and
smooth edges. Nevertheless, the best nucleation site density results were
once again achieved using the limits of the MFC’s capabilities (that is,
5 sccm of Ar/CHy and 500 scem of Ar/Hs). It has thus been decided to
even more dilute the methane gas feedstock down to 0.25% (as employed
in chapter 6) and eventually down to 0.2% (as employed in chapter 7).
As shown in table 5.6, employing an Ar/CHy (2000 ppm) mixture as
methane feedstock enables the equipment to tune the Ho-to-CH, ratio
in the 12.5-5000 range which thus covers most of the experimental con-
ditions that have been reported so far in the literature (see tables in
chapter 2).

Using such a highly diluted methane gas feedstock is particularly inter-
esting as the best results are no more achieved when pushing the CVD
setup to its limits. This dilution level has been determined in order to
have best graphene growth results (on both Cu foils and Cu films) us-
ing a methane gas flow in the 20-50 sccm range for reproducibility and
repeatability concerns, and a hydrogen gas flow ranging from 300 to 400
sccm (instead of 500) in order to extend the lifetime of the gas bottle.
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Table 5.6: Summary of the CVD conditions that can be achieved
with the CVD setup after all the modifications that have been afore-
mentioned. Ccp, =2000 ppm (=0.2 %). LP and AP refer to global
pressures of 0.5 and 1000 mbar, respectively.

Lower limit Upper limit
Gas flows Far/cu,=100 sccm Far/cr,=5 sccm
Far/m,=25 scem Far/n,=500 sccm
Hy/CHy | ~ 125 ~ 5000
Ccn, ~1.6x1073 ~2x107°
p LP: ~8 x 107%* mbar | LP: ~ 1 x 10~° mbar
CHs AP: ~1.6 mbar AP: ~ 2 x 102 mbar

5.9 Adding an oxygen line

As shown in chapter 6, the Ar gas feedstock contains oxygen resid-
uals that, when injected inside the CVD furnace during the Cu anneal-
ing step, effectively contribute to reduce the nucleation site density of
graphene. As the Ar feedstocks contains only a few ppm of O, a higher
pressure of Ar is necessary to achieve a significant improvement of the
nucleation site density.

In order to rigorously study the role of oxygen on graphene growth,
it is thus preferable to be able to precisely control the oxygen content
without having to tune the global pressure. It has thus been decided
to add a fourth gas line to the CVD setup that can deliver a controlled
amount of oxygen to the furnace, independently from the global pressure.

To avoid any risk of explosion caused by the reaction of oxygen and hy-
drogen in a furnace, it is preferable to ensure that hydrogen and oxygen
cannot be introduced in the CVD furnace simultaneously. To do so, the
O2 supply line has been connected to the same MFC as the Hy supply
line using a 3-way ball valve (Swagelok). This gas line configuration is
particularly interesting as it allows the precise monitoring of the Oy gas
flow rate without purchasing an additional MFC.



136 Chapter 5. CVD Equipment Customization

Given the strong affinity of copper with oxygen, the initial gas feedstock
was chosen to be a Og/Ar (1%) gas mixture. After a series of experi-
ments (see chapter 7), it has been found that it was difficult to control
the oxidation level of Cu during the Cu annealing step. Using for in-
stance an oxygen partial pressure (Po,) of about 102 mbar (obtained
when only the Ar/O2 MFC is open but the global pressure is kept at a
low level (around 1 mbar)) results in irreversible and undesired modi-
fication of the Cu foil surface and strong solid-state dewetting of the
Cu thin film. The Cu surface degradation is attributed to the over-
oxidation of the catalytic substrate during the Cu annealing step and
the subsequent reduction induced by the reducing atmosphere required
to grow graphene.

Although the Oy concentration of the CVD furnace atmosphere can be
further decreased by reducing the Oy/Ar gas flow and injecting simul-
taneously an important flow of pure Ar, the Oo concentration remains
too high to be able to perform Cu annealing steps under near ambient
pressure while fine-tuning the oxidation of the Cu foil (see table 5.7). As
a consequence, the oxygen gas feedstock has been replaced by an Ar/O,
0.05% (or 500 ppm, Praxair) gas mixture.

Table 5.7: Summary of the oxygen partial pressure that can be 0b-
tained during the pre-growth CVD step (i.e. the Cu annealing step)
as a function of the global pressure, the gas flows and the dilution
level of the Oy feedstock.

Gas flow rates Piot =1 mbar Piot =1000 mbar
200 sccm (1% O9) ~ 0.01 mbar ~ 10 mbar
25 scem (1% Ar/Osg) ~ 4.8 x 107* mbar | ~ 0.48 mbar

+ 500 sccm (pure Ar)
200 scem (500 ppm Ar/Os) ~ 5 x 10~* mbar ~ 0.5 mbar

25 scem (500 ppm Ar/Os) ~ 2.4 x107° mbar | ~ 2.4 x 10~2 mbar
+ 500 scem (pure Ar)
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5.10 Replacing the MFCs

The last upgrade that has been made to the CVD equipment consists of
replacing the three mass flow controllers. Although the previous MFCs
were fulfilling their role, having new MFCs appeared to be necessary for
the following reasons:

1. Better specifications: The initial MFCs were relatively cheap and
were exhibiting poor specifications. In contrast, the newly in-
stalled MFCs (Horiba, SEC-N100 series) have better specifications
as shown in Table 5.8.

2. More appropriate full-scale range: As shown in the chapters 4
and 6, precisely adjusting the Pcp, is essential to achieve a low
density of nucleation site. Fine-tuning Pcp, requires to precisely
control Fcp, introduced in the CVD furnace. Using a MFC with
a full scale of the same order of magnitude as the flow rate that is
employed during the CVD process ensures a better accuracy.

3. Broader parameter space: The newly installed MFCs have the
particular feature that their full-scale can be adjusted (to a certain
extent). The MFCs purchased for controlling the Ar and Ar/Hs
flow rates have a full scale of 1 slm (=1000 sccm) while the one
dedicated to the Ar/CHy flow rate has a full scale of 100 sccm.
The full scale of these MFCs can however be adjusted down to
30% of their initial full scale which gives them a higher accuracy
and flexibility.

Better specifications and more appropriate full-scale ranges can further
improve the graphene growth results and lead to more reproducible and
repeatable experiments.
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Table 5.8: Comparison of the specifications of the MFCs initially
present and newly installed in the CVD setup. S.P. and F.S. refer
to the set point and the full scale, respectively.

Specifications: Sevenstar Horiba

Accuracy +1.5% F.S. +1.0% S.P. (rate >30% F.S.)
+0.3% S.P. (Rate <30% F.S.)

Control range 5-100 % of F.S. 2-100 % of F.S.

Response time 1~3 second <1 second

Linearity +1% F.S. <+05%F.S.

Repeatability +0.2% F.S. <+02%F.S.

5.11 Discussions and conclusions

Many modifications have been made to the CVD setup in order to pre-
cisely explore a wider range of CVD conditions. These modifications
have been elaborated in order to optimize the conditions for both, the
Cu annealing and the graphene nucleation and growth steps. The ex-
tension of the scope of CVD condition is illustrated in Figure 5.5.

Such extension of the parameter space has been made possible by com-
bining a few key elements:

e Appropriate gas feedstock dilutions

e Adequate MFC full scales

e Precise pressure control system

e Accurate pressure gauges
Figure 5.6 shows the evolution of the parameter space as a function of
the dilution of CH4 feedstock. While changing the pump and switching
the MFCs have been able to increase the Ho-to-CHy ratio and decrease
the Ccy, by about one order of magnitude (for a given CHy feedstock

dilution), modifying the CHy4 feedstock concentration from 100 % down
to 2000 ppm resulted in a 500-fold improvement (for a given gas flow
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Figure 5.5: Log-Log plot representing the parameter space in terms
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rate Fap/m, JFA; /CHy ratio). As a consequence, adapting the gas feed-
stock dilutions represents an easier route to improve CVD conditions
compared with switching the MFCs and replacing the pumping system.

On the other hand, combining Eq. 5.2 and 5.3 leads to a direct relation
between Ccp, and the Ha-to-CHy ratio:

Dcuy X Dy,
Dy, + Rx Dcy, ’

CcH, = (5.4)
This equation is plotted in Fig. 5.7 for Dy,=10% and for different
values of Dcp,. This graph demonstrates that in theory, a high Ho-
to-CHy ratio and a low Ccy, can be achieved with any CHy feedstock
dilution. However, achieving for instance a value of Hy/CH4=1000 in
practice would require gas flow rate ratios (Fa,/m, JFA; scH,) of about
10000, 1000, 200 and 20 for CH,4 feedstock concentrations of 100%, 10%,
2% and 2000 ppm, respectively.

Using high Fa,/u,/Far/cu, ratios does not represent a viable route
for industrial production as it most likely results in an excessive con-
sumption of the gas feedstocks. Moreover, using a high gas mainstream
velocity promotes the Cu catalyst evaporation and negatively impacts
graphene growth (thus justifying the use of Cu pockets or cuvettes as
discussed in chapter 4).

Thanks to the various modifications that have been made to the initial
LPCVD setup over the years, the current CVD setup now offers quite
some advantages and new possibilities: (i) a wider range of CVD condi-
tions (Ha/CHy, Pcn,, Ccn,) can be explored, (ii) the CVD protocol can
be performed at low, ambient or intermediate pressure, (iii) the global
pressure can be tuned as the CVD protocol proceeds which is essential
to rigorously study the impact of CVD parameters on graphene growth
(see chapters 6 and 7), (iv) the global pressure is more accurately mon-
itored with the new gauges and the gas flow rates are more precisely
controlled with the new mass flow controllers and, (v) the CVD system
can be efficiently cleaned using the turbo pump mounted in parallel with
the scroll pump. It is also worth noting that given the dilution levels
of the gas feedstocks, the CVD furnace operates under industrially safe
conditions.
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Chapter 6

Synthesis Results on Copper Films

This chapter presents the experimental method that has been conduc-
ted to determine optimal CVD conditions and synthesize millimeter-
size graphene domains on top of thin Cu films. The successful growth
of graphene domains with lateral dimensions exceeding the state-of-the-
art has been mainly obtained by using appropriate gas compositions and
precisely controlling the global pressure inside the CVD furnace during
the successive steps of the graphene synthesis protocol: Cu substrate
annealing, graphene nucleation and growth.

Section 6.1 motivates the utilization of thin Cu films instead of widely
used Cu foils as catalyst for the graphene growth. Section 6.2 then de-
scribes why controlling the global pressure during the CVD synthesis
protocol is essential to rigorously and systematically study the impact
of CVD parameters on graphene growth. Section 6.3 presents the sys-
tematic study that has been conducted to determine optimal CVD con-
ditions for the graphene growth step, that is, the conditions yielding
large compact defect-free graphene domains (GDs). The focus is then
shifted to the Cu annealing conditions with section 6.4 discussing the
use of a reducing or an inert atmosphere and section 6.5 investigating
which pressure level better contributes to the reduction of graphene nuc-
leation sites. The next section investigates why increasing the pressure
level of argon during the Cu annealing step decreases the nucleation site

143
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density during the graphene growth step. For the sake of rigorousness
and coherence, the CVD furnace has always been evacuated between
the Cu annealing and the graphene growth steps. Section 6.6 shows
that this extra step is crucial for maintaining the Cu film physical integ-
rity upon the CVD process. Section 6.7 demonstrates that the Cu film
thickness has very little or no influence on the graphene growth. Sec-
tion 6.8 shows the outcome of the systematic study carried out in this
chapter and provide some Raman characterization of the millimeter-size
graphene domains. Finally, section 6.9 shows the best CVD results that
have been produced and summarizes the main findings presented in this
chapter.

6.1 Motivation

In contrast to widely spread Cu foils, using a thin Cu film deposited on
a flat, smooth and rigid substrate offers exciting prospects for various
reasons:

1. Graphene growth: Cu films constitute an ideal alternative to Cu
foils for rigorously studying the influence of CVD conditions on
graphene growth because (i) given its fabrication process and its
quasi two-dimensional nature, the Cu film features a higher pur-
ity and more particularly a lower carbon content which can yield
an intrinsic lower nucleation site density and reduce the chance
of producing few-layer graphene, (ii) its relatively smooth surface
morphology circumvents the use of cumbersome pre-CVD treat-
ments required to eliminate the surface morphology singularities
which can act as preferential sites for graphene nucleation [89],
(iii) heteroepitaxial Cu film can be used to control the orienta-
tion of graphene domains [135-137] and (iv) Cu films deposited
on an inert substrate have only one single surface exposed to the
CVD furnace atmosphere and prone to produce C species. As a
result, graphene growth is exclusively dictated by surface reaction
and does not depend on C species diffusion through the catalyst
thickness [185].
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2. Graphene transfer: As graphene growth mimics Cu surface mor-
phology, producing graphene on a smooth and flat Cu film results
in a more planar graphene sheet and in turn, less wrinkles and
cracks in the transferred graphene [186].

3. Processing: Using a flat and rigid substrate improves graphene pro-
cessability as it allows the direct processing of graphene on its
synthesis substrate by conventional CMOS technologies [127].

Although a Cu film seems to be a more convenient platform for the
realization of graphene-based practical applications and for the rigor-
ous study of graphene growth mechanisms, the literature shows that Cu
films are underexploited compared to Cu foils.

The key challenge for growing mm-size GDs on Cu film lies in maintain-
ing the Cu film’s physical integrity upon the high temperature CVD pro-
cess while using appropriate CVD conditions. Cu film degradation arises
mainly from Cu evaporation loss [139], Cu film dewetting [129] or Cu
interdiffusion with the underlying substrate [132]. Using a shorter dur-
ation or a reduced temperature for the graphene growth step have been
used to grow graphene while mitigating Cu degradation but these condi-
tions are conflicting with the growth of compact large domains [133,134].

6.2 Pressure-Controlled Chemical Vapor Deposition

As presented in the tables in chapter 2, the vast majority of graphene
growth studies published so far mostly focused on either the low pres-
sure (LP) or ambient pressure (AP) CVD regime. It can also be ob-
served in the same tables that both regimes yield large graphene do-
mains with compact shapes, which presumes that the global pressure
is not the determinant parameter for producing large high-quality do-
mains. Nowadays, there does not seem to be a clear consensus within
the scientific community that a specific pressure regime is more prom-
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ising than the other in terms of graphene quality.

As explained in chapter 5, the LPCVD system that has been initially
purchased has been customized so that the global pressure inside the
quartz tube can be continuously adjusted from 0.5 to about 750 mbar.
The upper pressure limit has been set to 750 mbar in order to reduce
the risk of reaching an overpressure that would pull the flanges out of
the quartz tube extremities and break the hermetic sealing.

In order to shed some light on the role of the global pressure in the form-
ation of graphene and rigorously determine which pressure level is the
most appropriate to produce large high-quality graphene domains, it is
of central importance to achieve optimal methane partial pressure con-
ditions for every investigated global pressure level. Maintaining a partial
pressure of methane as close as possible from the nucleation threshold
is essential for producing a low density of domains that will be able to
expand over hundreds of microns before merging with others. Using a
methane partial pressure (Pcy,) far beyond the threshold would result
in excessive adsorption of methane molecules on the Cu surface, in a
higher supersaturation of active C species and, in turn, in the formation
of a high density of nucleation sites [53].

Unfortunately, predicting the methane partial pressure corresponding
to the nucleation threshold is challenging since it strongly depends on
many factors including the catalytic substrate preparation and the de-
sorption rate of active C species from the Cu surface (which is mainly
dictated by the CVD furnace temperature and global pressure). There-
fore, determining an approximate value of the lowest Pcpy, that allows
the nucleation of graphene requires to conduct several experiments with
a precise control of the methane partial pressure. The precise monit-
oring of Pcp, is achieved by tuning the flow rates of Ar/Ha (Fa,/m,)
and Ar/CH4 (F4,/cn, ) injected into the CVD furnace and is calculated
according to
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FAr/CH4 X DCH4

PCH4 = Ptot X (61)

Favjcry + Favm,’

where Dy, is the dilution of the Ar/CHy (2500 ppm) gas flow feedstock.
For a given global pressure (Pt ), using a higher Ar/Hy gas flow results
in a higher dilution of the methane in the gas phase (i.e. a lower methane
partial pressure) and a higher hydrogen-to-methane ratio (R) which is
calculated by:

R_ Fpvjm, X Du,

_ , 6.2
FAr/CH4 X DCH4 ( )

where Dy, is the dilution of the Ar/Hy (10%) gas mixture feedstock.
Although these equations are rather accurate for the LPCVD regime,
they are not valid for the APCVD regime as they assume that the CVD
furnace is free from any gas prior to the injection of CH4 and Hs. Car-
rying out the CVD protocol at ambient pressure implies that the CVD
furnace is pre-filled with the gas phase employed for the Cu annealing
step prior to the injection of methane and hydrogen. Precisely mon-
itoring the gas composition for the APCVD regime would require the
use of expensive gas sensors or the use of more complex time-dependent
equations as Ho and CHy would mix with the pre-existing phase.

In this regard, the pressure control system is an efficient tool to address
these limitations. When dealing with pressure levels exceeding 1 mbar
during the Cu annealing step, the valve can be opened to purge the gas
contained in the CVD furnace prior to injecting methane and hydrogen
for the graphene formation. Regardless the gas composition or global
pressure level present in the CVD furnace, purging the furnace at the
end of the Cu annealing step 'resets the gas history" of the furnace
and ensures the precise control of CVD conditions during the graphene
growth step.
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6.3 Graphene growth conditions

The first step towards the synthesis of millimeter-size compact single-
layer graphene domains consists of determining the CVD processing
parameters (Tqr, Prot; Far/cn, and Fa,/n,) and more particularly the
graphene growth conditions (Tqy, Piot, Pom, and R) favoring a low
density of nucleation sites as well as a non-dendritic growth front. The
temperature, gas flows and global pressure profiles used for this study
are illustrated in Fig. 6.1.
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Figure 6.1: Temperature, gas flow and global pressure profiles used
for studying the impact of CVD conditions on graphene growth.

To provide a rigorous analysis, the Cu film annealing step is performed
under identical conditions, regardless of the pressure used for graphene
growth step. Using low pressure conditions (2 mbar) prior to the intro-
duction of methane and hydrogen ensures that the gas phase composition
inside the CVD furnace during the growth stage is exclusively dictated
by the gas injected since the beginning of the growth stage. Once the
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graphene growth temperature (Tg=1050 °C) is reached, Ar/Hy and
Ar/CHy gas flows are introduced in the CVD furnace and the aperture
of the metering valve located downstream of the CVD furnace is adjus-
ted. The pressure increases and stabilizes at a value determined by the
metering valve aperture and the total gas flow introduced.

Figure 6.2 summarizes the outcome of the graphene growth experiments
conducted in this work. Although no graphene formation has been ob-
served for graphene growth performed at 2 mbar, graphene has been
synthesized under various Ha-to-CHy ratios for all the pressure levels
investigated here including 8, 20, 100 and 750 mbar.
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Figure 6.2: Log-log plot summarizing the graphene growth outcome
as a function of Py and the Hap-to-CHj ratio conditions used for
the different CVD experiments described in Fig. 6.1.

Low methane dilution levels result in continuous graphene sheets (green
circles) while excessive methane dilution levels do not yield any graphene
formation (red crosses). Intermediate dilution levels (blue squares) cor-
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respond to the growth of graphene nuclei which are sufficiently separated
from each other that individual GDs can be observed by the means of
the SEM. The obtained graphene domain density and size plots corres-
ponding to these experiments are displayed in Fig. 6.3.
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Figure 6.3: Plots summarizing the graphene domain (a) size and (b)
density as a function of Ha-to-CHy ratio for different global pressure
regimes. The data points only represent the CVD experiments that
resulted in the growth of individual graphene domains as shown in
Fig. 6.2.

Figure 6.3a shows that increasing the Ha-to-CHy ratio (and thus in-
creasing the dilution of methane in the gas phase) leads to a reduction
of the graphene domain size. This observation is a clear evidence of
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the etching effect of hydrogen on graphene as described in chapter 2.
Figure 6.3b shows that at higher global pressure (or higher hydrogen-
to-methane ratio), a higher partial pressure of methane is required to
trigger graphene nucleation. Although a higher pressure is supposed to
facilitate the formation of stable nuclei (through the reduction of Cu
sublimation ), the presence of a higher quantity of hydrogen in the gas
phase prevents the formation of graphene nuclei that are stable enough
to expand and form large-area graphene crystals eventually. As a low
nucleation site density (< 0.05 nuclei/mm?) can be obtained for all pres-
sure levels investigated here including 8, 20, 100 and 750 mbar, it seems
that the global pressure is not a decisive parameter for the lateral size
of produced GDs.

More interestingly, Fig. 6.2 shows that graphene formation can be
achieved under higher Hs-to-CH,4 ratios when the CVD process is per-
formed under higher global pressure. The maximum Hs-to-CHy ratio
that can be used to produce graphene shifts from about 200 to about
700 when the global pressure is raised from 8 to 20 mbar and can even
reach about 1100 when the global pressure equals 100 mbar. Increas-
ing the pressure and the Ha-to-CHy ratio clearly affects the growth of
graphene domains as shown in Fig. 6.4. Even though graphene domains
grow in a form tending to hexagon-like shapes indicating a coherent
atomic structure (6.4, left panel), the growth front differs a lot (6.4,
right panel). Producing graphene at a relatively low pressure results in
a highly dendritic growth front and partially hollow graphene domains
(see Fig. 6.4a). Increasing the global pressure and the Ha-to-CHy ra-
tio yields denser graphene domains (i.e. featuring thinner graphene-free
veins) as well as smooth edges. Although the dendritic aspect can be
reduced by increasing the Ha-to-CHy4 ratio while maintaining the same
global pressure, this ratio has to remain relatively low to avoid excessive
dilution of methane and allow graphene formation. Furthermore, our
experiments show that even if the Ho-to-CHy ratio is exactly the same
(R=800 in Figs. 6.4e and 6.4f), an increase of global pressure produces
smooth edges instead of jagged edges. As a consequence, we believe that
using higher pressure conditions is a key CVD parameter for the growth
of high-quality graphene.
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Figure 6.4: In-lens SEM images of graphene grown on Cu under
a pressure of (a) 8 mbar, (b) 20 mbar, (¢) 100 mbar and (d) 750
mbar. Right panel images are higher magnification images of the left
panel framed square areas. The different domains have been grown
using the CVD conditions pointed out with arrows in Fig. 6.2.
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The significant modification of graphene crystal morphology with the
global pressure and Hs-to-CHy4 ratio can be explained by considering
the interplay of complex processes including the diffusion of active C
species adsorbed on the Cu surface, the attachment of these C species
on the growing GD and the competition between the growth and etching
of graphene induced by the presence of hydrogen in the gas phase [82,88].
The highly dendritic front obtained at lower pressure most likely arises
from the combination of a relatively low concentration of active C species
adsorbed on the Cu surface and a relatively high growth rate of the
branches of GDs. The low pressure conditions favor a low concentration
of C species due to a low adsorption rate of methane (resulting from
a low partial pressure in the gas phase) and a high desorption rate
of C species (induced by Cu sublimation). On the other hand, the
etching effect of hydrogen has a limited impact due to the low amount
of hydrogen present in the gas phase. As a result, graphene protrusions
in the growth front propagate radially and deplete their surrounding
in C species. This depletion hinders the lateral growth of dendritic
graphene branches and the formation of dense GDs. On the contrary,
the smooth edges and dense graphene domains achieved under relatively
high pressure conditions and high Hy-to-CHy ratios are most likely the
result of a relatively high concentration of C species on the Cu surface
available for the formation of graphene and a strong competition between
graphene growth and graphene etching at the growth front.
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6.4 Cu annealing atmosphere composition

Another major milestone toward the synthesis of large-area GDs con-
sists of decreasing the nucleation site density by employing appropriate
conditions during the warming ramp of the CVD furnace. Although
most of the CVD process reported in the literature employed a redu-
cing atmosphere in the CVD furnace prior to the graphene growth step
[51,78,127,187], a few recent reports demonstrated that using an inert at-
mosphere could be beneficial for the growth of graphene [85,87,104,113].
A first crucial step towards the determination of optimal conditions for
the Cu annealing step consists of comparing the growth of graphene
after performing the Cu annealing/warming ramp step under either a
reducing atmosphere (made of an Ar/Hy (10%) gas mixture) or an inert
atmosphere (made of pure Ar).

The annealing step is performed under a low global pressure (2 mbar)
of either pure Ar (Fig. 6.5a) or Ar/Hy mixture (Fig. 6.5b) in order
to facilitate the precise control of the gas composition inside the CVD
reactor during the graphene growth step. Indeed, using a low pressure
during the annealing step ensures that the gas phase composition during
the graphene growth step is independent on the gas composition used
during the annealing step and hence circumvents the use of a gas evac-
uation step prior to graphene growth.

Figure 6.5b exhibits two different pressure and temperature profiles. The
CVD experiment described by the dark red dashed profile has been first
performed as it corresponds to the reference experiment shown Fig. 6.5a.
The 30 min-long graphene growth step yields a continuous graphene
layer (in contrast to the growth of individual graphene domains obtained
with an Ar annealing as shown in Fig. 6.5¢). As a continuous graphene
sheet does not permit the observation of the domain density and lateral
size, different CVD experiments with the exact graphene growth con-
ditions but shorter durations have been experimented. It appears that
the graphene growth step has to be interrupted after 5 min to prevent
the coalescence of individual graphene domains (see Fig. 6.5d). After
a 5 min graphene growth step, the global pressure into the CVD fur-
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Figure 6.5: a-b) Temperature, global pressure and gas flow profiles
of the CVD experiments performed to emphasize the impact of the
Cu annealing atmosphere composition on the growth of graphene. a)
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and (d) show the Cu surface (after a slight post growth Cu ozid-
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experiments presented in (a) and (b), respectively.
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nace reaches only 350 mbar as shown in Fig. 6.5b. Performing such a
short duration graphene growth would not lead to any graphene forma-
tion if the Cu annealing step was performed under an argon atmosphere.

Even thought using a low annealing pressure results in a limited redu-
cing/oxidizing effect, the nucleation site density and the domain size
differ a lot. Using an argon atmosphere results in the formation of
graphene domains with a lateral size of ~300 microns and a nucleation
site density of about 400 nuclei/cm?. In contrast, annealing the Cu sub-
strate in hydrogen produces graphene domains with a lateral size inferior
to ~30 microns and a domain density of about 3 x 10° nuclei/cm?.

The early formation of graphene on the Cu substrate annealed in Ar/H,
(less than 5 minutes) compared with the Cu substrates annealed in pure
Ar (about 12 min) and the substantially higher domain density (by about
3 orders of magnitude) suggest that a high concentration of active C spe-
cies are already present on the Cu surface at the onset of the graphene
growth step. This high concentration of C species may stem from the
transport and the catalysis of gaseous organic compounds on the Cu
surface during the annealing step. The high concentration of hydrogen
and the absence of methane prevents the formation of stable nuclei prior
to the graphene growth step but does not hinder the accumulation of
C species on the catalytic surface. These gaseous compounds are be-
lieved to come from the etching of graphene (pre-deposited in the CVD
furnace upon previous CVD runs via the sublimation and re-deposition
of Cu) induced by hydrogen or by the pyrolysis of organic compounds
introduced in the CVD furnace during the handling and processing of
the synthesis substrate.
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6.5 Cu annealing pressure conditions

Another crucial step towards the determination of optimal conditions for
the Cu annealing step consists of studying which pressure level provides
the best results in terms of graphene domain density and structural
density. This section demonstrates that the Ar pressure level present in
the CVD furnace during the warming ramp of the CVD protocol signi-
ficantly affects graphene nucleation density. To illustrate this statement,
another series of graphene growth experiments has been conducted using
identical graphene growth step but different annealing pressure condi-
tions. In order to apply the exact same graphene growth conditions
(temperature, global pressure and gas composition profiles) in each ex-
periment regardless the Ar pressure used during the annealing, the CVD
furnace is evacuated for 5 minutes prior to the introduction of hydrogen
and methane as shown in Fig. 6.6a.

Figure 6.6b represents the evolution of nucleation site density with the
Ar pressure used during the Cu annealing step. The nucleation site
density values have been estimated by manually counting the graphene
domains made visible by a post-CVD slight oxidation of the Cu surface.
The counting has been carried out by observing 4 areas of ~1.2 cm?
randomly chosen on the 3-inch catalytic wafer (~44 cm?) used for the
experiment. Due to rather small variation in local graphene nucleation
site density, the 4 estimated dots might overlap and not be visible for
each annealing global pressure level. Our observations clearly show a
drastic drop of the nucleation site number by nearly 3 orders of mag-
nitude when Ar pressure is increased from 2 up to 750 mbar. Optical
microscopy images corresponding to Ar annealings performed at 20, 50,
200 and 500 mbar are showed in Fig. 6.6c, Fig. 6.6d, Fig. 6.6e and Fig.
6.6f, respectively.

It can also be observed by comparing Fig. 6.6c to Figs. 6.6d-f that
using a higher Ar pressure upon the Cu annealing decreases the appar-
ent graphene growth rate. This tendency is particularly noticeable for
relatively low Ar pressure, that is in the 2-50 mbar range.
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Figure 6.6: o) Temperature, gas flow and global pressure profiles
used for the various CVD experiments. b) Log-log plot showing the
evolution of the graphene domain density with the Ar pressure level
used during the Cu annealing/ramping step. (c-f) Optical micro-
scope images of samples annealed under 20 mbar (c), 50 mbar (d),
200 mbar (e) and 500 mbar (f) of Ar, respectively.
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Additional experiments have been carried out in order to shed some light
on how the Ar pressure level influences the growth of graphene. These
experiments mainly focused on observing the evolution of the Cu sub-
strate upon the annealing step, prior to any graphene formation. For
this purpose, the 2 extreme cases presented in Fig. 6.6a, that is, the
CVD protocols involving an annealing step under 2 mbar and under 750
mbar of argon, have been further examined.

To get an insight about how the Cu surface looks like directly after the
annealing step and prior to the graphene growth step, the Cu surface has
been observed after carrying out the two experiments illustrated in Fig.
6.7a. As shown in Fig. 6.7c and Fig. 6.7d, heating up the Cu substrates
in an Ar atmosphere creates a colorful compound on the Cu surface.
The nature of this compound turns out to be Cu oxide, as identified
using energy dispersive X-ray (EDX) and scanning electron microscopy
(SEM). The amount of Cu oxide produced during the annealing step
seems to depend on the argon pressure as low pressure conditions (2
mbar) yields only a few Cu oxide islands while high pressure conditions
(750 mbar) results in the formation of an almost continuous Cu oxide
layer. Although the argon supply used here is supposed to be inert and
pure (Ar 6.0 Research Grade, 99,9999% pure, Praxair), it appears to
have a slight oxidizing effect. This effect, probably due to the presence
of oxidizing impurities (HoO < 1 ppm, Oy <0.2 ppm), increases with
global pressure.

Recently, a few research groups demonstrated that mildly oxidizing the
Cu catalytic surface effectively contributes to decreasing the nucleation
site density [85,87,102-104, 113, 188]. However, these works differ on
explaining how oxygen actually impacts the synthesis substrate and
graphene growth. The reduction of nucleation site density has been
ascribed to (i) a modification of Cu surface morphology [87,113], (ii) the
presence of a catalytic inactive oxide layer at the beginning of graphene
growth [85], (iii) the passivation of Cu active sites [102,104], (iv) the re-
moval of surface impurities [87,188] and, (v) the reduction of the carbon
content in the Cu catalyst [103, 188].
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750 mbar and described in (b) under an Ar pressure of (e) 2 mbar
and (f) 750 mbar.
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To better understand how the use of an oxidizing atmosphere during the
annealing step plays a role in drastically reducing the nucleation sites
during the subsequent graphene growth step, we focused on gaining more
insight about how the catalytic substrate evolves in the very early stage
of the graphene growth step, that is when Ar/Hy and Ar/CH, flows are
injected inside the CVD furnace.

In this regard, The exact same experiments as in Fig. 6.6 have been
performed but the graphene growth step has been interrupted after a
10 min exposure to the reducing atmosphere composed of Hy, CH4 and
Ar (see Fig. 6.7b). This short duration growth step does not trigger
any graphene growth, most likely because the Cu surface is not exposed
for a sufficient time to the carbon source to start the nucleation. To
ensure no extra oxidation/reduction during the cooling step in the CVD
protocols displayed in Figs. 6.7a and 6.7b, the furnace is rapidly evac-
uated down to a pressure of 1 mbar. As a consequence, observing the
Cu substrate after these experimental tests provides an insight into the
Cu surface condition shortly before the onset of graphene formation. It
appears that the Cu oxide induced during the annealing step completely
vanished, probably turned into metallic Cu due to the reducing atmo-
sphere. Additional experiments also showed that the continuous oxide
layer obtained by annealing the Cu under 750 mbar of argon was getting
completely reduced upon the 2 first minutes of exposure to the reducing
atmosphere (results not shown). These observations suggest that the
Cu oxide layer does not directly interact with the growth of graphene
and cannot act as a reversible passivation layer which gradually vanishes
as graphene growth proceeds as any traces of Cu oxide is reduced way
before graphene formation starts.

Although the Cu surface morphology and oxidation level differ a lot de-
pending on whether it has been annealed under 2 or under 750 mbar
of argon, it is relatively similar once the Cu substrates have been ex-
posed to the Ar/Hy/CH4 gas mixture for 10 min (Fig. 6.7e-f). The
formation of more Cu oxide during the warming ramp hinders the Cu
grain microstructure evolution upon annealing and leads to puddles of
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smaller Cu grains (Fig. 6.7f). However, no correlation has been found
between these puddles and the location of graphene nuclei. Moreover,
no Cu surface singularities/protrusions have been observed in the center
of the graphene domains as observed on Cu foils by Luo et al. [113].
Therefore, we do not believe that a surface morphology modification is
the key factor for reducing the nucleation site density by almost 3 orders
of magnitude.

We believe that the nucleation site density is strongly affected by the
accumulation of active C-based species on the Cu surface during the an-
nealing step. These C-based species may originate from various sources
including (i) the pyrolysis of organic compounds introduced in the CVD
furnace during the loading of the synthesis substrate, (ii) previous CVD
processes which brought C-based compounds inside the furnace (through
methane cracking, particularly promoted by evaporation/re-deposition
of Cu on the inner walls [75]) or even (iii) directly from the bulk of the
Cu catalyst as proposed by Kraus et al. [103] which is the less likely
reason here given the thickness and the fabrication process of the Cu
film. During the annealing, organic compounds vaporize in the gas
phase and preferentially react on the catalyst. When annealed in an
Ar atmosphere, the Cu surface gradually oxidizes (through the presence
of oxidizing agents present in the Ar feedstock) and forms a reversible
passivation layer which reduces the accumulation of C-based species on
the surface. Moreover, the oxidizing agents contribute to neutralizing
organic compounds (through formation of CO and CO3) present in the
furnace [188].

We believe that both the oxidative removal of C atoms in the CVD fur-
nace and the C-species impoverishment on the Cu surface induced by the
Cu oxide passivation layer effectively contribute to lowering the nucle-
ation site density. This effect is even more significant as the Ar pressure
(i.e. the oxidizing effect) is important. The high nucleation site dens-
ity obtained following a Cu annealing in a reducing atmosphere can be
explained by the formation of highly volatile hydrocarbons (C<Hy) pro-
duced by Hs-induced etching of existing graphene in the furnace or newly
created by reduction of freshly introduced parasitic organic compounds.
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Moreover, maintaining a reduced Cu catalytic surface makes it more re-
active for catalyzing the undesired C-based compounds transported by
the gas phase.

The manifestation of a more effective C species depletion on the Cu sur-
face with higher Ar pressure during the annealing can also be observed
in Figs. 6.6c-f. Given that the growth conditions are exactly the same in
the different CVD experiments, it is unlikely that the different domain
sizes arise from different graphene growth rates. The smaller domain
size achieved on the Cu substrate annealed under an Ar pressure equal
or greater than 50 mbar is most likely induced by a graphene nucleation
delay compared with the Cu substrate annealed under lower Ar pres-
sure. Intuitively, a Cu substrate which is depleted in C species at the
onset of the graphene growth step will require a longer duration to cata-
lyze methane and achieve a sufficient concentration of C-based species
to trigger graphene nucleation.
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6.6 Hydrogen embrittlement

From the above observations, it might be tempting to perform both the
Cu annealing and the graphene growth at high pressure, without pro-
ceeding to the evacuation of the chamber prior to the graphene growth
step (shown in Figs. 6.6 and 6.7). However, it has been observed that
directly introducing methane and hydrogen in the CVD furnace contain-
ing a high pressure of Ar results in the Cu film solid-state dewetting as
shown in Fig. 6.8.

Figure 6.8: Photograph of the film deposited on a 3-inch fused quartz
wafer after performing a CVD process involving a relatively high Ar
pressure (500 mbar) during the Cu annealing step and no furnace
evacuation prior to the grapheme growth step. Optical microscope
images show the extent of the dewetting phenomenon in two different
locations on the substrate.



6.6. Hydrogen embrittlement 165

The dewetting of thin Cu films upon the CVD process has already been
observed and attributed to excessive Cu evaporation induced by high
temperature and low pressure conditions used for graphene growth [129].

Here, however, we intentionally used Cu films with a thickness of at least
1 micron and limited the high temperature step duration to maximum
90 min to deal with the sublimation-induced Cu film dewetting issues.
Moreover, it is unlikely that the excessive Cu sublimation is responsible
for the dewetting observed here as it occurs at the onset of the graphene
growth step. It is found that the extent of dewetting strongly depends
on the Ar pressure level used during the Cu annealing step. While no
dewetting is observed for Ar pressure levels under 10 mbar, the Cu film
degradation gets more pronounced as the Ar pressure is increased. This
observation is rather intriguing given that using high pressure levels dur-
ing the Cu annealing supposedly helps maintaining the Cu vapor close to
the Cu surface and thus contributes to suppress the Cu evaporation loss.

It is believed that the Cu dewetting results from the reaction between
hydrogen absorbed from the atmosphere and oxygen present inside the
copper film which forms water vapor that decreases the cohesion between
Cu grains. This phenomenon, called hydrogen embrittlement, is known
to make bulk metals porous upon hydrogen annealing [189,190]. It seems
that the presence of the thin Cu oxide layer on the Cu top surface does
not play a role as evacuating the chamber does not remove that oxide
layer. However, evacuating the furnace for 5 min might either reduce
the oxygen content in the Cu film or slow down the arrival of hydrogen
on the Cu surface and thus prevent any formation of water vapor in the
Cu matrix. As a consequence, the evacuation of the CVD chamber prior
to graphene growth is always performed to obtain mm-size GDs.
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6.7 Impact of Cu thickness on graphene growth

In order to determine the impact of the Cu film thickness on the graphene
growth, graphene has been produced on four different Cu films with vary-
ing thicknesses (800, 1600, 2400 and 4400 nm). The minimum thickness
is chosen to be 800 nm in order to be able to perform a 50 min graphene
growth step and to use an intermediate Ar pressure level (50 mbar)
during the Cu annealing step without inducing solid-state dewetting.
Using longer duration graphene growth step and/or higher Ar pressure
levels during the annealing step would make the Cu film more prone to
degradation (voiding and dewetting) which disrupts the proper growth
of graphene. The maximum film thickness investigated here (4400 nm)
is limited by the amount of metal that can fit into the crucible in the
e-beam evaporation equipment. In order to apply the exact same CVD
conditions to the Cu films with different thicknesses, the four substrates
have been loaded in the CVD furnace together. The graphene domain
density and size distribution have been evaluated by observing four dif-
ferent surface areas of ~ 1.2 cm? randomly chosen on each Cu substrate.

Figures 6.9a and 6.9b show that the density and the lateral dimension of
graphene domains do not seem to be affected by the Cu film thickness.
This observation is consistent with the fact that the solubility of carbon
in Cu is extremely low and the CVD growth of graphene on Cu catalyst
is a surface mediated process [78]. Although there is a strong correla-
tion between the Cu film thickness and the Cu grain size as shown in
Fig. 6.10, it seems that the Cu grain boundaries have very little or no
influence on the growth of graphene. Obtaining similar graphene growth
results on Cu films with varying thicknesses supports the fact that the
active C species responsible for the nucleation of graphene at the onset
of graphene growth most likely comes from the gas phase and not from
the residual carbon content of the Cu catalyst.
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Figure 6.9: Influence of the Cu film thickness on the growth of
graphene: (a) density and (b) lateral size of graphene domains as a
function of the Cu film thickness. For each Cu film substrate, four
different locations have been analyzed and plotted as data point in
the plots.
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Figure 6.10: Influence of the Cu film thickness on the growth of
graphene: Optical microscope images of the Cu surface after a slight
post-CVD ozidation to make graphene visible. Images (a), (b), (c)
and (d) correspond to Cu films with a thickness of 800, 1600, 2400
and 4400 nm, respectively.
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6.8 Characterization of millimeter-size domains

Photograph (Fig 6.11a), optical microscopy image (Fig. 6.11b) and scan-
ning electron microscopy (SEM) images (Fig. 6.11c-d) show mm-size
graphene domains as produced on a 1200 nm-thick Cu film deposited on
a 3-inch quartz wafer. Graphene is made visible directly after the CVD
process by heating the substrate on a hot plate at 150°C for 5 min in
air as shown in Figs. 6.11a and 6.11b [172].

A 30 min growth step results in GDs of a few hundreds of microns that
can be easily distinguished from each other with bare eyes as shown in
Figs. 6.11a. Extended graphene growth durations result in graphene
domains with lateral size exceeding 1 millimeter after about 1 hour (see
Fig. 6.11b) and the completion of a continuous graphene sheet after
about 90 min. Graphene domains exhibit a rather compact shape con-
sisting of a mixture of rounded and straight edges forming ~120 degree
corners similarly to hexagons.

The hexagon-like shape of GDs, indicating a coherent atomic struc-
ture within the entire domain, suggests that these domains are single-
crystalline. The non strictly straight growth front and hexagonal shape
of graphene domains grown on Cu films most likely result from the fact
that these GDs span over several adjacent Cu grains when they reach a
lateral size of about 1 mm. These different Cu grains can be responsible
for slight local variations in growth condition as different Cu surface crys-
tallographic orientations present different catalytic activities, diffusion
rates for adsorbed species and carbon precursor adsorption/desorption
rates [191-193].

Except the bilayer regions with lateral size of a few microns occasion-
ally found near the graphene domain edges (see dashed circle in Fig.
6.11f), the clear uniform color contrast shown in the SEM images (Figs.
6.11c,d) and optical microscopy images of graphene transferred on a 90
nm-thick SiO9/Si substrate reflects the single layer nature of the pro-
duced graphene sheet.
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Figure 6.11: Millimeter-size GDs grown on 1200 nm-thick Cu film.
a) Photograph of a 3-inch Cu/quartz wafer after a 30 min graphene
growth. b) Optical microscope image of mm-size GDs as grown on
Cu film. ¢) In-lens SEM image of a GD as-grown on Cu. d) Higher
magnification image corresponding to the framed area in (c). e) Op-
tical microscope image of GDs transferred on a 90 nm-thick SiOz/Si
substrate. f) Higher magnification corresponding to the framed area
in (e). The dashed circle showns a small bilayer dot.
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Although the Cu film’s intrinsic high purity and smooth surface morpho-
logy may contribute to the suppression of nucleation sites, the successful
growth of compact large-area GDs mainly results from the appropriate
adjustment of the CVD conditions inside the furnace during the CVD
process.

Further characterization is achieved by transferring as-produced graphene
from the Cu film onto 90 nm-thick SiOs/Si wafers. In order to evaluate

the structural quality and number of layers, Raman spectroscopy meas-

urements have been performed on the two transferred GDs presented in

Fig. 6.12.

Figure 6.12b displays stacked Raman spectra corresponding to the differ-
ent locations identified by colored dots in Fig. 6.12a. These spectra were
acquired using a 2400 grooves/mm-grating in order to obtain precise val-
ues of the peak positions and full width at half maximum (FWHM). Each
spectrum exhibits a 2D peak (with a position varying from 2670 to 2690
em™), a G peak (1577-1582 cm™) and a very weak D peak (1337-1341
cm™!) which suggests an insignificant amount of structural defects. The
intensity ratio Isp/Ig about 2, the relatively narrow 2D peak, and the
fact that the 2D peak can be fitted by one single Lorentzian component
indicate that the GDs is monolayer [154,158]. The observed shift of the
peaks is more likely due to mechanical stress and/or doping induced by
the transfer process steps (as explained in chapter 3).

To further assess the spatial uniformity of graphene quality and thick-
ness within a single GD, Raman mappings have been acquired on 50x 60
nm? areas located in the center and at the periphery of the GD as shown
by the insets in Fig. 6.12a. Regardless of whether the mapping is ac-
quired at the periphery (Figs. 6.13) or at the center (Figs. 6.14), the
intensity of the D peak is almost 2 orders of magnitude smaller than the
one of the G peak (except in the transfer process-induced cracks that
are visible in the insets of Fig. 6.12a). Both mappings also exhibit a 2D
to G intensity ratio ranging from 1.7 to 2.5 which suggests the absence
of bilayers regions in these locations.
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Figure 6.12: Raman measurements of graphene domains. a) Op-
tical microscopy image of graphene transferred onto a 90 nm-thick
Si09/Si wafers. Insets are higher magnification images of the small
square areas in (a). b) Raman spectra acquired in the different loc-
ations denoted by color dots in (a).
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Figure 6.13: I,p/Ic and Ip/Ig Raman mappings taken along the

graphene domain edge shown in the insets of Fig. 6.12.
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Figure 6.14: I»p /I and Ip/I¢ Raman mappings taken at the center

of the domain shown in the insets of Fig. 6.12.
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Raman coherent information and hence, uniform graphene quality and
thickness over the GD surface demonstrate a good consistency in the
growth conditions as the GD formation proceeds. This confirms our
above-mentioned observations stating that even if the GDs shapes are
not completely hexagonal, individual mm-size graphene domains origin-
ate from a single graphene nucleus.

Figure 6.15 shows the full width at half maximum of the 2D band corres-
ponding to the surface areas shown in the insets of Fig. 6.12. The spatial
variation of the FWHMsp suggests that there is a spatial variation of
strain and probably a variation of doping within the probed surface areas
(see chapter 3). The strain and doping are most likely induced by the
transfer process which traps impurities at the graphene/SiO2 interface,
does not uniformly deposit graphene on the underlying substrate (which
is not atomically smooth) and causes local lattice deformations.

HH
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R 44
i 40
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i 32

Figure 6.15: FWHMjyp Raman mappings taken (a) along the GD
edge and (b) at the center of the domain as shown in the insets of
Fig. 6.12.
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6.9 Conclusions

In conclusion, we developed a new CVD approach to produce single-
layer graphene sheets with mm-size graphene domains on thin Cu films.
This innovative approach is based on the continuous regulation of global
pressure inside the furnace during the CVD synthesis protocol. Adjust-
ing the global pressure allowed us to find optimal conditions for both
the Cu annealing/ramping and the graphene nucleation/growth steps.
Our findings suggest that the global pressure during graphene growth
does not play a major role in determining the nucleation site density
and hence the maximum dimensions of graphene domains. However,
using high pressure levels is a key graphene growth condition to yield
defect-free graphene domains with compact shape and smooth edges.
On the other hand, we observed that annealing the Cu substrate in an
Ar atmosphere is essential to obtain large area graphene domains and
higher Ar pressure conditions favor a low density of nucleation sites.
Finally, we found out that evacuating the CVD furnace for 5 min prior
to graphene growth is an effective way to address the dewetting issues
observed when a high pressure of Ar is used during the Cu annealing
step. Thanks to these considerations, we are able to routinely produce
millimeter-size single-crystals of graphene on a thin Cu film which is a
more suitable platform than Cu foils for the implementation of graphene
based practical applications.






Chapter 7

Synthesis Results on Copper Foils

Chapter 6 demonstrated that the nucleation site density of graphene
could be tuned over almost 3 orders of magnitude by simply adjusting
the Ar pressure level into the CVD furnace during the Cu annealing step.
This observation was attributed to the reduction of the carbon concen-
tration present on the Cu surface prior to the graphene growth induced
by traces amounts of oxygen in Ar. This chapter further explores the
impact of the Cu annealing conditions on the subsequent formation of
graphene. To explore a wider range of conditions, the CVD furnace
has been connected to an additional gas line which can deliver a pre-
cise amount of oxygen regardless of the global pressure. In the same
vein, graphene growth is performed using Cu foils instead of Cu films in
order to take advantage of their higher robustness to high-temperature
long-duration Cu annealing processes.

After presenting the motivations for this study in section 7.1, section 7.2
focusses on systematically comparing the relative effectiveness of various
Cu annealing conditions in reducing the nucleation site density. Section
7.2 also provides a series of additional experiments aiming to better
understand the underlying mechanisms. Then, section 7.3 presents how
the in-situ thermal treatment impacts the formation of additional layers
underneath the large single-crystalline domains. Finally, the last section
outlines the main findings discovered in this study.

177
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7.1 Motivations

The work described in this chapter has been motivated by a few scientific
questions and considerations:

Up to now, different research groups demonstrated the production of
graphene single-crystals with lateral dimensions exceeding a few milli-
meters on Cu foil (see tables in chapter 2). These results were achieved
through the combined use of different (i) catalytic ex- and in-situ sub-
strate treatments, (ii) CVD conditions, (iii) complex Cu substrate geo-
metries and, (iv) particular CVD furnace configurations. Such wide
variety of CVD procedures makes it challenging to really appreciate the
actual relative effectiveness of reported Cu foil treatments in controlling
the nucleation site density. Rigorously evaluating the effectiveness of Cu
thermal annealing processes reported in the literature can offer relevant
guidelines for the optimization of the graphene synthesis procedure.

Chapter 6 along with other reports demonstrated that oxidizing, in a
way or another, the Cu catalyst was essential to produce large graphene
domains. However, the underlying mechanism responsible for decreas-
ing the nucleation site density is subject to a great deal of debate and
there are significant discrepancies in the explanations proposed in the
literature. Gaining more insight about the actual role of oxygen in the
complex graphene growth mechanism is of great interest in the quest
towards the growth of high-quality giant graphene domains.

Most of the literature focused on improving the nucleation site density
in order to eventually produce large-area domains. However, the impact
of the Cu foil thermal treatment on the formation of additional layers
during the subsequent graphene growth step has not been addressed yet.

Chapter 6 also demonstrated the great potential of the pressure-controlled
CVD system in decoupling the influence of the Cu annealing conditions

from the one of the graphene growth conditions on the graphene form-

ation. The pressure-controlled CVD system can be further exploited to

rigorously investigate a wide range of Cu annealing conditions includ-

ing different pressure regimes and various gas compositions while using

identical graphene growth conditions.
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Finally, the major advances in the field of graphene growth have been
developed using Cu foils as catalyst. Using Cu foils in this work can be
helpful to put the obtained results into context with those published in
the literature. Moreover, we can take advantage of a more robust Cu
substrate for the long-duration high-temperature oxidizing conditions.

7.2 Nucleation site density

In order to evaluate how graphene growth is affected by the in-situ Cu
foil treatment conditions, different series of CVD experiments have been
carried out with varying Cu annealing conditions while keeping identical
graphene growth steps. An identical CVD growth step throughout the
various experiments, which is essential to ensure the adequacy and sci-
entific rigorousness of this comparative study, has been achieved using
the pressure-controlled CVD setup.

7.2.1 Cu annealing during the high temperature plateau

Figure 7.1 shows the temperature, pressure and gas flow profiles that
have been employed for the different steps involved in the CVD protocol,
i.e. CVD furnace warming up, Cu annealing, graphene growth and
furnace cooling down.

In order to limit the impact of the conditions used during the one hour-
long CVD warming step and ensure that graphene growth behavior is
predominantly dictated by the Cu annealing step conditions, it has been
decided to heat up the CVD furnace under a low pressure (1 mbar) of
an inert gas (pure Ar). Once the furnace reaches the growth/annealing
temperature (Tgy), the annealing gas (pure Ar, Ar/Hy or Ar/Os mix-
tures) is injected in the CVD furnace and the metering valves between
the CVD furnace and the pumping system are adjusted to achieve the
desired global pressure. Two different pressure regimes are considered
in this work: a low pressure (LP) and a near-ambient pressure (NAP)
regime thereby mimicking low pressure (LPCVD) and ambient pressure
(APCVD) growth processes reported in literature. The global pressure
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Figure 7.1: (a) Gas flow, temperature and (b) global pressure pro-
files used for the CVD experiments carried out to study the impact of
Cu annealing pressure and gas composition on graphene nucleation
site density. Solid red and dashed blue pressure profile lines corres-
pond to the CVD protocols with a LP and a NAP pressure annealing
step, respectively.

of the NAP regime is set to 800 mbar in order to maintain the proper
sealing of the LPCVD set-up. Once the Cu annealing step is completed,
the CVD furnace is purged (the pressure drops down to 1 mbar) before
injecting Ar/CHy (26 sccm, 2000 ppm in Ar) and Ar/Hs (350 scem,
10% in Ar) gas mixtures to start graphene nucleation and growth. This
process step ensures that regardless of the gas composition or global pres-
sure employed during the Cu annealing step, the graphene growth step
will be achieved under the exact same conditions, that is with identical
global pressure, partial pressures of methane and hydrogen-to-methane
ratio profiles. The graphene growth step is performed under a pressure
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Figure 7.2: Evolution of the graphene domain density as a function
of the gas composition and the annealing duration (tun,) for high
temperature annealing steps performed under (a) low pressure and
(b) near-ambient pressure, as described in Fig.7.1.

of 800 mbar as it yields graphene domains with a more compact shape
and smoother edges and also reduces Cu foil evaporation loss (as ex-
plained in chapter 6) [75,194]. In order to produce isolated graphene
domains that can be individually observed and counted and hence, ob-
tain an estimation of their shape, size and density, the graphene growth
step duration (tg) has been adjusted for each CVD experiment. Details
about the CVD experiments can be found in Ref. [116].

Figures 7.2a and 7.2b show the evolution of the graphene domain density
as a function of Cu annealing duration (ranging from 0 to 60 min) for
both LP and NAP regimes and different gas atmosphere compositions.
Given the strong affinity of copper for oxygen, particular precautions
have been taken while annealing the Cu substrate under the Ar/Os
atmosphere. It appeared essential to maintain a relatively low partial
pressure of oxygen in the CVD furnace in order to avoid excessive Cu
oxidation during the annealing step that would eventually lead to the
degradation of the Cu foil physical integrity upon the reducing treatment
caused by the subsequent graphene growth step. In order to maintain a
relatively smooth Cu surface and avoid any Cu foil damage, the oxygen
gas feedstock dilution has been chosen to be 1% Oy and 500 ppm Og
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in Ar for the LP and NAP Cu treatments, respectively (more details
can be found in Ref. [116]). Starting graphene growth directly after the
furnace warming step (tann=0 min) yields a graphene domain density
of about 1400 GDs/cm?. This represents about a 200-fold improvement
compared with the graphene density that would have been obtained
using 200 sccm of Ar/Hj instead of Ar in the warming up step (data not
shown) which is consistent with chapter 6 and previous works [85]. When
performed under a hydrogen-free atmosphere, the high temperature Cu
foil annealing step effectively contributes to decrease the nucleation site
density as the number of GDs has been reduced by at least one order
of magnitude after one hour. On the other hand, annealing the Cu
foil under a reducing atmosphere composed of 10% of hydrogen has a
mixed influence on the graphene domain density. The Ar and Ar/O,
trends suggest that extending the Cu annealing duration beyond 1 hour
would further reduce the nucleation site density and annealing under
near-ambient pressure has a potentially greater beneficial effect than
annealing under low pressure.

7.2.2 Cu annealing during the CVD furnace warming

As extending the high temperature Cu annealing step over a few hours
is time and energy consuming and in turn, does not represent a viable
strategy for the industrial production of graphene, it is preferable to
rather take advantage of the CVD furnace warming step. In order to
disclose the potential of the one-hour long heating step in decreasing
the domain density, a series of CVD experiments have been carried out
using identical graphene growth conditions as previously shown in Fig.
7.1 but without the high temperature Cu annealing plateau. Given that
the NAP Cu annealing regime yields better results, the warming step
has been performed at a global pressure of 800 mbar with varying oxygen
dosing. The oxygen dosing has been controlled by diluting the Ar/O,
gas feedstock with pure argon in order to achieve oxygen concentrations
in the atmosphere of 32.5, 62.5, 125, 250 and 500 ppm (see Ref. [116]).
Figure 7.3 shows the evolution of the graphene domain density with the
increase of oxygen concentration inside the CVD furnace.
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When comparing Fig. 7.3 with Fig. 7.2, it can be noted that performing
the heating step under an argon atmosphere of 800 mbar instead of 1
mbar does not significantly improve the graphene domain density (about
1112 instead of 1381 GDs/cm? on average). It can also be observed that
the graphene domain density rapidly saturates to about 300 GDs/cm?
which is more than the density values obtained when using an additional
Cu annealing step.
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Figure 7.3: Evolution of the graphene domain density as a function
of the Og concentration of the gas phase during the the 1-hour long
warming step performed under a global pressure of 8§00 mbar. The
photograph in the inset shows Cu foils that have been annealed and
directly cooled down without performing the graphene growth step.

The photograph in the inset of Fig. 7.3 and in the optical microscope
images in Fig. 7.4 show that using an inert (pure Ar) or oxidative
atmosphere (Ar/Ogz mixture) both result in the growth of a Cu oxide
layer on the catalyst surface. This oxide layer, that gives the surface
a matte pinkish or purplish tint depending on its thickness, is mainly
composed of CuoO as identified by Raman spectroscopy and reported in
the literature [195,196].

The formation of a thick Cu oxide layer on the catalyst surface (~ 50-90
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Figure 7.4: Optical microscope images taken on the Cu foil surface
after a 1-hour long warming step under a pressure of 800 mbar using
(a) a pure Ar or (b) an Ar/Oz (500 ppm) atmosphere. Images (a)
and (b) correspond to the photograph in the inset of Fig. 7.5. c)
Raman spectrum acquired on the Cu ozide layer exhibiting the CusO
main Raman features.

nm and ~ 1.1-1.5 pum for Ar and Ar/Os, respectively) indicates that
the bulk of the Cu foil is saturated in oxygen (i.e. it absorbed a quant-
ity of oxygen beyond its solubility limit) for both "pure Ar" and Ar/O,
atmosphere. The formation of a Cu oxide layer upon the high tem-
perature exposure to "pure Ar" atmosphere is easily observable when
the warming step is performed under 800 mbar and less evident when
performed under 1 mbar. Such observation indicates that the oxygen
residual concentration in the Ar feedstock (about 1 ppm according to
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Praxair) is either not sufficient to saturate the Cu foil in oxygen or that
the Cu oxide layer evaporation (enhanced at 1 mbar) prevails over its
formation.

Exposing the Cu foil to oxygen only during the warming ramp (see Fig.
7.3), even with a relatively high concentration (500 ppm at 800 mbar),
does not yield better domain density results than exposing it for one
hour at high temperature under a low pressure of "pure Ar" or Ar/Oq
gas mixture (see Fig 7.2). This result evidences that the reduction of
the nucleation site density depends on the oxygen concentration in the
atmosphere but also strongly depends on the temperature and time of
exposure. Graphene domains with lateral dimension exceeding a few
millimeters without prolonged Cu annealing step has been achieved by
combining favorable conditions during both the furnace warming and
the Cu annealing 1-hour long steps. Heating the CVD furnace under
800 mbar of Ar and then annealing the Cu substrate under Ar/O2 (800
mbar, 1050 °C, about 100 ppm Os) yields a density of about 16 GDs/cm?
that, after a 2-hour growth duration, turn into graphene domains with
lateral sizes of about 2-3 millimeters as shown in Fig. 7.5

lcm

Figure 7.5: Photograph of a Cu foil with graphene domains exhibit-
ing lateral dimensions of about 2-3 mm.
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7.2.3 Role of oxygen: discussion and results

The benefits of using oxygen prior to graphene growth has been ob-
served in several recent studies. These studies either intentionally pre-
oxidized the Cu catalyst in air prior to loading it into the CVD fur-
nace [87,90,97,180, 188,197], employed an inert atmosphere to main-
tain Cu native oxide on the catalyst surface [85,114,180] or directly
introduced oxygen in the furnace prior to the graphene growth step
[100, 102,103,111, 198,199]. Although it is clear that oxygen is a key
process parameter to obtain large graphene domain, the exact mechan-
ism responsible for decreasing the nucleation site density is subject to a
great deal of discussion and debate.

Most of the explanations that have been proposed in the literature con-
cern a modification of the Cu surface including: (i) the passivation
of active sites for nucleation by adsorbed oxygen [102], (ii) the pres-
ence of catalytic inactive CuzO on the surface at the onset of graphene
growth [85,114,199], (iii) the formation of Cu nanoparticules acting as
a finite number of nucleation sites [113], (iv) the reduction of Cu surface
contamination [87,188,198], (iv) the rearrangement of the Cu structure
into a less active surface [104], (v) the Cu catalyst surface roughness
improvement [180], (vi) the "oxygen gettering" of out-diffused bulk de-
fects [197], and (vii) the presence of a Cu oxide passivation layer during
the Cu warming/annealing step to prevent active C species accumula-
tion prior to graphene growth [138].

On the other hand, a few other research groups claimed that the effect
of oxygen is not only limited to the Cu foil surface but is also linked to
the Cu foil bulk [90,97,103]. They attributed the reduction of nucle-
ation density to the decarburization of the Cu foil (which has also been
referred to as oxidative carbon removal, carbon scavenging or carbon
depletion) induced by oxygen when it diffuses in the copper foil and re-
acts with dissolved carbon. The wide variety of interpretations probably
arises from the different approaches that have been employed to expose
the Cu foil to oxygen, the wide diversity of graphene growth protocols as
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well as the complexity of the mechanisms by which oxygen contributes
to reducing the nucleation site density. It is thus very likely that the
actual role of oxygen is a combination of the aforementioned proposed
mechanisms.
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Figure 7.6: Evolution of graphene domain lateral size with
graphene growth duration (tg.). Blue dots: Graphene domains
grown after a 20-min long Cu annealing step performed under an
atmosphere of (a) Ar or (b) Ar/Os. Red dots: graphene domains
grown after an additional annealing of 15 min under an Ar/Hy at-
mosphere to completely reduce the Cu oxide layer prior to graphene
nucleation.

In order to better understand how involving oxygen prior to graphene
growth reduces the nucleation site density and to determine which mech-
anisms prevail in the case of an in-situ Cu foil oxidation, another series of
CVD experiments has been carried out. These CVD experiments consist
of annealing the Cu foils at 800 mbar for 20 min (at T=T,;) under either
"pure Ar" or Ar/Oy (500 ppm) gas mixture and observing the evolution
of graphene domain lateral size as a function of the graphene growth step
duration (see Ref. [116] for the CVD parameters details). The lateral
size of as-grown graphene domains using the Ar and Ar/Os Cu anneal-
ing steps are displayed in Fig. 7.6a and Fig. 7.6b, respectively (blue
dots). The progressive slowdown of graphene growth rate is likely to be
caused by the increasing graphene coverage of Cu surface area and the
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corresponding reduction of active surface available for methane surface
catalysis. The data point regression tends to show that graphene do-
mains already have a finite size at the onset of the graphene growth step.
This offset arises from the fact that methane and hydrogen keep flowing
into the CVD furnace during the cooling step and graphene domains
keep developing for a few minutes. It can be observed that graphene
domains grown after the "pure Ar" annealing exhibit similar lateral di-
mensions compared with those grown after the Ar/O2 annealing while
this latter produced an oxide layer on the catalyst surface about 20 times
thicker (~3 pm in contrast to ~140 nm). This observation suggests that
a thicker oxide layer does not induce a more pronounced catalyst surface
passivation or does not delay the graphene formation.

To further investigate if the reduction of the nucleation site density arises
from the direct interaction of a Cu oxide layer (CupO) with the onset of
graphene formation, similar experiments have been conducted but an ad-
ditional 15-min long annealing step has been performed under an Ar/H,
atmosphere (800 mbar, 10% hydrogen in argon) to make sure that the
Cu oxide layer is reduced before the onset of graphene formation. The
resulting graphene domain lateral dimensions (displayed by red squares
in Fig. 7.6a and 7.6b), seem to fit pretty well with the previous exper-
iments in which graphene was grown directly after the oxidative step.
Similar results obtained with or without the Cu oxide layer advocates
that the oxide layer does not play the role of a passivation layer for the
nucleation of graphene. It is believed that the high partial pressure of
hydrogen present in the CVD atmosphere during the graphene growth
step (resulting from NAP CVD conditions and a high Ha-to-CHy ratio)
reduces the Cu oxide surface layer before the catalytic decomposition of
methane generates enough C-based species on the Cu surface to initiate
graphene formation.

These results however do not rule out the possibility that the oxide layer
or dissolved oxygen in the Cu bulk might play a role in graphene growth
as it has been claimed in recent works [85,102,199]. Indeed, as the Cu
oxide layer reduction and dissolved oxygen removal rates are strongly
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dependent on the arrival rate of hydrogen on the Cu surface at the on-
set of graphene growth, graphene growth processes performed under low
pressure and low Hs-to-CHy ratio conditions are potentially more sens-
itive to the oxygen content of catalyst.

It is also believed that the Cu surface roughness modification upon the
high temperature annealing does not play a major role in determining
the nucleation site density either. Although annealing the Cu foil un-
der a high global pressure level helps maintaining the Cu vapor close
to the solid Cu surface and physically improves the Cu surface morpho-
logy through an evaporation/re-deposition process, this approach does
not effectively remove the macro/microscopic features of the cold-rolled
Cu foils such as rolling striations and other Cu surface singularities (see
Ref. [116] for surface profilometry data) [81,107,194,200].

It also appears that the Cu surface oxidation and subsequent reduction
upon the reducing graphene growth atmosphere do not particularly re-
move the surface microscopic features and do not improve the Cu surface
roughness, regardless of the global pressure level. Given the importance
of Cu sublimation and the constant Cu microstructure evolution that
take place at such high temperatures, it is challenging to experimentally
appreciate the actual influence of Cu annealing conditions on the Cu sur-
face morphology prior to graphene growth. In order to get some insight
into the influence of Cu annealing conditions on the Cu surface mor-
phology, the Cu surface has been analyzed using AFM and SEM after
performing the Cu annealing described in Fig. 7.1 (1-hour-long plat-
eau at 1050 °C) followed by a 10-min-long reduction step before cooling
down the samples. Figure 7.7 shows SEM images of the Cu surface for
Cu samples annealed under Ar/Hs and Ar/Os atmosphere under both
LP and NAP regimes.

AFM images presented in Fig. 7.8 provide a more extensive information
about the Cu surface morphology. Unfortunately, it is very challenging
to know how the surface roughness plays a role in the nucleation site
density for 2 reasons. First, it is difficult to probe the Cu surface mor-
phology in-situ just before starting the graphene growth step and realize
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Figure 7.7: Impact of Cu annealing conditions on the Cu
surface morphology. E-T SEM images of the surface of Cu foil
samples resulting from a 1-hour-long Cu annealing step at 1050 °C
followed by a 10-min-long exposure to Ar/Hy to reduce the Cu ozide
layer present on the surface. The global pressure and gas composi-
tion conditions employed for each Cu annealing process are displayed
on the top of each image.
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which kind of Cu surface morphology singularities/features will act as
preferential sites for the nucleation of graphene domains. Measuring
ex-situ the Cu surface morphology using AFM only gives a very rough
estimation of the Cu surface morphology (given that the cooling process
modifies the surface morphology). Second, there does not seem to be
a correlation between the Cu surface morphology and the location of
graphene domains. In other words, graphene domains that are observed
on the Cu surface do not seem to have nucleated in specific locations
such as Cu grain boundary grooves, cold-rolling striations, Cu surface
singularities, etc (see Fig. 7.12).

As the best Cu surface roughness (obtained upon an annealing under
800 mbar of Ar/Hjy) does not match the best results in terms graphene
domain density, it seems unlikely that the surface roughness represents
the key factor for controlling the nucleation site density.

It is thus believed here that the nucleation site density is controlled
by the concentration of carbon present in the Cu foil bulk and on its
surface at the onset of the graphene growth step. Using a reducing atmo-
sphere during the warming and Cu annealing steps would maintain the
Cu surface catalytically active and probably cause the catalytic reaction
of adventitious carbonaceous gas molecules on the Cu surface during
the heating and annealing steps as any carbon contaminations present
in the CVD furnace are prone to desorb, pyrolyze and be transported
in the gas mainstream. As explained in chapter 6, the contamination
may come from an initial surface contamination produced by the Cu foil
manufactory, can be brought through handling during the CVD furnace
loading, from the inevitable leakage rate in the mass flow controllers
of methane or even from previous CVD runs that deposited graphene
and amorphous carbonaceous species on the CVD inner walls assisted by
Cu vapor evaporation re-deposition as previously explained in chapter 6.

Given that the solubility of carbon in Cu exponentially increases with
temperature (about 8 at. ppm at 1050 °C), the carbon content of the Cu
foil can greatly raise prior to graphene growth [58]. Introducing oxygen
inside the furnace has a dual role as it passivates the Cu surface prior
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Figure 7.8: Impact of Cu annealing conditions on the Cu
surface morphology. AFM images of the surface of Cu foil
samples resulting from a 1-hour-long Cu annealing step at 1050 °C
followed by a 10-min-long exposure to Ar/Hp to reduce the Cu ozide
layer present on the surface. The lateral size of the scanned areas
is 5um for images (a), (b) and, (¢) and 10pum for image (d). The
global pressure and gas composition conditions employed for each Cu
annealing process are displayed on the top of each image.
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to graphene growth which prevents any increase of the carbon content
during the warming and annealing steps and contributes to reducing the
original amount of carbon on the Cu surface, in bulk of the foil and prob-
ably inside the CVD furnace through the oxidative carbon removal. In
order to verify that the introduction of Os inside the CVD furnace dur-
ing the Cu annealing step contributes to reducing the carbon content of
the Cu surface, X-ray photoelectron spectroscopy (XPS) measurements
have been performed on different Cu foils samples: as-received, annealed
under Ar/Hj, annealed under Ar/O2 and after the growth of individual
graphene domains (see Ref. [116]). XPS results show that the surfaces of
as-received Cu foils and Cu foils annealed under Ar/Hs contain a higher
C concentration than Cu foils annealed under Ar/Os. Interestingly, the
concentration of C measured on the surface of Cu that has been annealed
under Ar/Oy and subsequently exposed to graphene growth conditions
for 40 min is inferior to the concentration of Cu foils as-received and
annealed under Ar/Hs. These results indicate that the initial amount of
C present on the as-purchased Cu foils is rather high compared to the
C concentration present during the graphene growth step and that an-
nealing the Cu foils under an oxygen-containing atmosphere efficiently
contributes to reducing this C concentration on the surface.

The dependency of the obtained graphene domain density on the Os ex-
posure temperature and duration can be explained by the enhanced solu-
bility of oxygen in the Cu lattice at high temperature (about 270 ppm at
1050 °C) and the diffusion rate of CO and CO3 gas molecules through
the bulk of the Cu foil at high temperature [201]. Although gaseous
carbon oxides are spontaneously generated (and preferably formed over
Cuz0 as thermodynamically more stable [202]), these molecules have to
diffuse out of the Cu foil by going through the Cu foil thickness and the
freshly produced Cu oxide surface layer. The rate of carbon removal
is thus probably controlled by the CO/CO2 gas molecules out-diffusion
rather than the absorption of oxygen. When using "pure" argon dur-
ing the pre-growth thermal treatment (see Fig. 7.2 and 7.3), the trace
amounts of oxygen present in the gas feedstock are likely to be the main
contributor responsible for the reduction of the nucleation site density.
The NAP Cu annealing regime yields slightly better nucleation results
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than the LP regime (see Fig. 7.2) because it provides a higher partial
pressure of oxygen which better contributes lowering the carbon content
of the catalyst.

In the absence of oxygen in the Cu annealing atmosphere, the oxidat-
ive carbon removal does not represent the major mechanism controlling
graphene nucleation. The mixed effect of annealing the Cu foil under an
Ar/Hy atmosphere can be explained by two other phenomena. First, hy-
drogen can also contribute to reducing the carbon concentration present
on the Cu foil surface or dissolved into the bulk C through the chem-
ical reaction C( o T2 H, 5 CH i) [203]. Using a higher global pressure
and hence a higher partial pressure of hydrogen would make the carbon
removal process prevail over the catalysis of undesired carbonaceous mo-
lecules on the Cu surface and thus reduce the nucleation of graphene.
The physical smoothing of Cu surface upon the high temperature an-
nealing under high pressure could also be a major reason explaining why
the NAP annealing yields better results than the LP regime in absence
of oxygen.
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7.3 Graphene domain thickness

In addition to playing a crucial role in controlling graphene nucleation
site density, the Cu annealing step also influences the thickness of grow-
ing graphene domains. In order to observe its effect, graphene domains
obtained after the 1-hour long Cu annealing processes described in Fig.
7.1 have been transferred onto 300-nm-thick SiO2/Si substrates and ob-
served with optical microscopy (see Fig. 7.9).

Ar/Hs Ar Ar/O9
tgr=18 min tgr=45 min tgr=60 min
50 pm 200 pm ;3 200 pm
tgr=18 min tgr=35 min tgr=80 min
(—
NAP
200 pm 200 pm 200 pm

Figure 7.9: Optical images of graphene domains obtained after 1-
hour long Cu annealing (presented in Fig. 7.1) and transferred on a
SiOy substrate. Graphene growth durations (tg.) has been adjusted
in order to avoid the coalescence of graphene domains. Two different
kind of multi-layer graphene regions are pointed out using a red circle
(round-shaped MLRs) and arrows (branch-like MLRs).

When annealed under a reducing atmosphere (Ar/Hsg), graphene do-
mains are predominantly single-layer and feature some compact bi- or
few-layer graphene regions with lateral dimensions of about 10 micro-
meters and located in the vicinity of their center (see red circle in
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Fig. 7.9). When annealed under a hydrogen-free atmosphere (Ar or
Ar/O3), graphene domains exhibit two different kinds of multi-layer re-
gions (MLRs): the round-shaped compact regions as aforementioned
and other occasional regions with more complex shapes suggesting that
it has been grown radially along with the first graphene layer (as pointed
out with red arrows in Fig. 7.9).

7.3.1 Round-shaped multi-layer regions

It is found that the round-shaped MLRs (shown in Fig. 7.9) are not
uniformly distributed over the entire graphene sample as they are quasi
absent in the center of the Cu/graphene sample and present in large
numbers at its periphery (about a few millimeters from the Cu sample
edge). The location dependency of this kind of MLRs suggests that
their formation is caused by the exposure of the Cu foil backside to the
methane/hydrogen gas mainstream during the graphene growth step.
Methane molecules can react at the Cu foil backside, produce carbon
based species that are dissolved into the Cu foil bulk and able to diffuse
through the thickness to the Cu top surface to form extra layers under-
neath the first growing graphene single-crystalline domain. Given that
the Cu annealing step is performed at a temperature close to the melt-
ing point of the catalyst (~ 1084°C'), the Cu foil softens and tends to
conform to the flat quartz wafer used as support. Due to the small space
at the interface between the Cu foil and the quartz wafer, the methane
molecules have a limited diffusion length and cannot react on the Cu
surface in the center of Cu foil backside when its dimensions exceed a
few centimeters square.

This phenomenon is evidenced in Fig. 7.10 which shows the topside and
the backside surfaces of a 5x5 cm? Cu foil after the growth of graphene.
Large graphene domains have only been able to grow on the periphery
of the Cu foil backside. It is very likely that the small graphene domains
(with dimensions of maximum a few hundreds of micrometers) present
at the center of the Cu foil backside have been been grown from active
C species that have been generated on the Cu topside surface and which
have been able to diffuse through the Cu foil thickness.
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Figure 7.10: Photographs of a Cu foil after the graphene growth
process and a slight Cu oxidation step to make mm-size graphene
domains visible. a) Cu foil top surface. b) Cu foil backside.

Round-shaped multi-layer graphene regions have been obtained on the
entire Cu surface by suspending the Cu foils (for example by bending
them to form an arch when loading them in the furnace or simply using
a thicker Cu foil (100 micrometer-thick) that does not soften as much
as the 50 micrometer-thick foils) or suppressed over extended regions by
using larger Cu samples that will be in close contact with the support
and prevent the methane molecules to diffuse at the fused quartz/Cu foil
backside interface. This finding is consistent with previous experimental
studies that either witnessed the formation of multi-layer graphene out-
side Cu foil enclosures caused by surface reaction at the inside or sup-
pressed the formation of multi-layer graphene by employing a "gettering'
support for the foil to shut down the carbon supply at the Cu foil back-
side [122,185,204-206].

As a consequence, this kind of MLRs seems to be more related to the
Cu configuration rather than the CVD protocol as it is observed re-
gardless the atmosphere composition or pressure regime that has been
employed during the Cu annealing/warming steps. However, it is found
here that their lateral size, thickness and density are strongly influenced
by both the Cu annealing and graphene growth steps as they determine
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Figure 7.11: Graphene domains obtained after 1-hour long Cu an-
nealing (Fig. 7.1,7.2: NAP, Ar/O) and transferred on a SiOg/Si
substrate: a) Optical microscope images taken in the vicinity of the
sample edge in order to observe compact and branch-like graphene
MLRs. b) Scanning electron microscopy (SEM) images taken in the
dashed rectangle displayed in a).

the graphene coverage rate and the C-based species adsorption at the
Cu foil backside. Producing graphene with a relatively high nucleation
site density promotes the rapid complete coverage of the Cu foil backside
which acts as a passivation layer and suppresses the formation of these
extra layers on the topside, even in the vicinity of the Cu substrate edge.
Moreover, annealing the Cu foils at high temperature (1050°C) under a
reducing atmosphere for a prolonged duration after annealing them in
an oxygen containing atmosphere does not reduce the formation of these
round-shaped MLRs but rather tends to increase their lateral size and
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thickness. It is thus believed that the formation of these MLRs is not
promoted via an Oq-activation process of the Cu surface as proposed by
Hao et al. [206].

7.3.2 Branch-like multi-layer regions

The second kind of MLRs, which looks like branches growing radially
along with the first layer, has exclusively been observed when the Cu an-
nealing step has been performed under a hydrogen-free atmosphere and
is randomly distributed over the entire Cu sample. This kind of MLR
which, to our knowledge, has not been observed yet, exhibits some spe-
cific features (see optical images in Figs. 7.9-7.13). First, they seem to
be randomly present underneath certain domains and completely absent
in others. Second, it is observed that these branch-like MLRs are ex-
clusively present underneath the compact domains and do no grow by
themselves which suggests that the presence of a top first continuous and
compact domain is necessary for their formation. Figures 7.11, 7.12 and
7.13 also show that the branches do not propagate beyond the top first
layer domain edges which indicates that the presence of the first layer
is necessary for the branches lateral growth. Furthermore, it seems that
the growth of these branch-like underlayers stop growing when the top
layer domain merges with another adjacent domain, which indicates that
the branch-like MLRs formation relies on the methane reaction onto the
Cu top surface in the vicinity of the domain and the surface diffusion of
active C species underneath the top graphene layer. Finally, it is found
that Cu grain orientation of the polycrystalline foil has rather little or
no effect on the presence/formation of branch-like MLRs. Indeed, the
presence of branch-like multilayer regions (see right panel in Fig. 7.12)
does not seem to really match with the presence of certain underlying
Cu grains (see left panel in Fig. 7.12).

The formation of branch-like MLRs might result from the Cu oxide layer
present on top of the catalytic substrate that serves as a getter material
and cause an accumulation of impurities in the vicinity of the Cu foil
surface. Impurities such as residual metals might thus migrate towards
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On Cu substrate

As transferred on Si/SiOs

Figure 7.12: Optical microscope images taken before (left panel)
and after the transfer process (right panel). Left panel shows the Cu
surface underlying the graphene domains while the right panel shows
the graphene additional layers.
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the catalyst surface and get trapped in the surface oxide layer during
the furnace warming and Cu annealing steps and subsequently possibly
modify the graphene growth kinetics through a modification of the Cu
surface catalytic activity and carbon solubility in the vicinity of the
surface.

7.3.3 Characterization of millimeter-size GDs

Raman spectroscopy has been employed to evaluate the structural qual-
ity, the number of layers and the uniformity of the graphene films that
have been produced. The Raman analysis has been conducted after
transferring graphene onto thermal 300-nm-thick SiO2/Si substrates.
The dominant characteristics found in the Raman spectra are the D
peak (~1350 cm™), the G peak (~1580 cm™) and the 2D peak (~2690
cm™). Two Raman maps have been acquired in two different locations:
one in the center of the graphene domain with a branch-like MLR and
one at the junction between the multi-layer domain and the adjacent
single-layer domain (as shown with dashed rotated rectangles in Fig.
7.13).

Both maps displayed in the middle and bottom panel of Fig. 7.13 ex-
hibit a very low D peak-to-G peak intensity ratio which indicates that
the disorder-induced D peak is very weak. Such small I /I ratios prove
that the graphene sample is almost defect-free besides the presence of
cracks that have been introduced during the transfer process and that
are visible on the optical images [155,166]. It appears that the PMMA-
assisted transfer process tends to produce more cracks in the graphene
domains when a branch-like MLR is present underneath. This result
is probably caused by the non-uniform graphene film rigidity and the
presence of a mechanical stress gradient within the graphene domain film
when the Cu foil is etched away. When analyzing the 2D peak-to-G peak
intensity ratio of both maps, it can be observed that the regions that ap-
pear brighter on the optical images feature a Iop /I ratio ranging from
1.8 to 3 which substantiates that these regions are single layer graphene.
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Figure 7.13: Raman spectroscopy analysis of graphene single-
and multi-layer regions. First panel: Optical microscope image of
graphene domains as-transferred on SiO/Si substrates. Second and
third panel: higher magnification optical microscopy images of the
dashed rotated squares in the first panel and corresponding Raman
maps (50x 50 data acquisitions over surface areas of 100 pmx 100

um) of Ip/Ig and Isp /I ratios.

Raman measurements performed in the multi-layer branch at the center
of the graphene domain (see the middle panel of Fig. 7.13) exhibit a
Iop/Ig ratio of about 1 which is consistent with the Raman measure-
ments of CVD-grown bi-, tri- or few-layer graphene widely reported in
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the literature [75, 85,164, 207,208]. In contrast, the Iop/Ig ratio cor-
responding to the multi-layer branch merging with the adjacent single-
layer domain (see bottom panel of Fig. 7.13) is comprised in the 2.2-3.9
range. This rather unexpected result has also been obtained in other
regions as shown in Ref. [116]. Regardless of whether the Iop/Ig ratio
is close to 1 or superior to 2, Raman spectra acquired in the multi-layer
regions always exhibit a symmetrical 2D peak that can be fitted by a
single Lorentzian function which is indicative of a turbostratic graphene
multi-layer stack [164].

Figure 7.14 shows that the Raman spectra acquired in the multi-layer
region of the bottom panel of Fig. 7.13 have a 2D peak which is nar-
rower (FWHMyp in the 22-30 cm™ range) and has a slightly blueshifted
position (2675-2690 cm™) compared with those acquired in single layer
graphene regions which present a FWHMsp in the 30-40 cm™ range
and a position in the 2665-2675 cm™' range. On the other hand, the
MLRs exhibiting a more conventional behavior, that is with a Isp/Ig
~1, have wider 2D peaks (FWHM~40-60 cm™) which are further blue-
shifted (2690-2705 cm™). In order to observe the spatial variation of the
position and full width at half maximum of the 2D band for different
kind of multilayer regions, Raman mappings have been acquired and
discussed (see Ref. [116]). These two Raman behaviors seem to differ
from one multi-layer branch to another, even within a single graphene
domain and are believed to be caused by a different relative rotation
angle between the top layer (i.e. the millimeter-size domain) and the
underlying additional layers. This explanation is consistent with previ-
ous work that showed a correlation between the Isp/Ig ratio and the
twisting angle in compact bi- and tri-layer graphene films [160-163].

Since Raman spectroscopy does not seem to be helpful in determin-
ing the thickness of the branch-like underlayer, atomic force microscopy
(AFM) has been employed. Given that the PMMA-assisted transfer
process of graphene does not reliably deposit graphene in close contact
with the underlying SiOy/Si substrates and often leaves traces of PMMA
on graphene domain edges, the evaluation of the thickness has been
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Figure 7.14: Typical Raman spectra acquired in (a) single layer
regions from the single layer domain (top blue curve) and from the
domain containing MLRs (bottom red curve) in Fig. 7.13, (b) MLRs
from the bottom branch (top green curve) and from the center branch
(bottom blue curve).

achieved by scanning the surface topography across graphene cracks.
Figures 7.15a and 7.15b show PeakForce tapping-mode AFM images
that have been acquired in single and multi-layer graphene regions re-
spectively. The cracks appear as darker stripes with a width of a few
hundreds of nanometers and are usually propagating perpendicularly to

the wrinkles (narrow white lines).

In Fig. 7.15a, the crack spreads through the single-layer and reach
the SiOy surface which appears rougher than the graphene film. By
measuring the crack depth at various locations, the crack depth is eval-
uated to about 1.3 nm on average which is pretty thick but consistent
with previous reports (see chapter 3). When performing similar depth
measurements across cracks that propagated through a multi-layer stack
(not shown here), the perceived depth lies around 2.2 nm. The differ-
ence in the crack depth measured in a single-layer and in a branch-like
corresponds to about 2 times the theoretical distance between adjacent
graphene planes. In order to corroborate these results, AFM measure-
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Figure 7.15: PeakForce tapping-mode AFM topography images of
graphene transferred on a SiOz/Si substrate. a) Crack spreading
through a single-layer graphene film. b) Crack partially spreading
through a graphene branch-like MLR.

ments have been carried out across a crack in a MLR which did not
spread through the entire multi-layer graphene film as the cracked area
contains wrinkles and a better surface roughness than the SiOs surface
(see Figure 7.15b). The height difference between the crack area and the
rest of the image is about 0.7-0.8 nm, hence supporting the assumption
that the branch-like multi-layer regions contain 2 layers in addition to
the single-crystalline graphene domain present on top.
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7.4 Conclusions

In conclusion, we undertook a systematic study of the impact of the
in-situ Cu annealing conditions on the subsequent growth of graphene.
Our results show that the nucleation site density can be tuned over 4
orders of magnitude by adjusting the gas composition, global pressure
level and Cu foil exposure time to high temperature.

The carbon concentration present on the Cu surface and dissolved in
the Cu foil bulk prior to graphene growth appears to be the main factor
governing the nucleation site density of graphene.

Introducing oxygen inside the CVD furnace, even trace amounts, is more
effective to decrease the catalyst carbon content than using a reducing
atmosphere and, therefore constitutes a key process condition for suc-
cessfully producing graphene domains with lateral size exceeding a few
millimeters. Our experiments provide a better understanding of the
mechanisms that control the nucleation density and enrich the debate
about the actual role of oxygen.

Finally, we found that using a hydrogen-free atmosphere prior to graphene
growth can result in the formation of a new kind of defect-free multi-
layer graphene that can extent over a few millimeters.

The improved understanding of the correlations between the Cu anneal-
ing conditions and the growth behavior provides clear guidelines for the
synthesis of high-quality graphene films with a controllable number of
layers.
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Conclusions and perspectives

Thesis conclusions

This thesis mainly focused on 4 key strategic axis:

1. The study of the synthesis platform which consists of either a Cu
foil or a thin Cu film pre-deposited on a 3-inch substrate

2. The CVD setup design which has been modified over time in order
to explore a wider range of CVD parameters and eventually reach
more appropriate CVD conditions

3. The extensive investigation of the correlation between the CVD
protocol and the obtained graphene growth results

4. The improvement of the transfer procedure which enables the de-
position of graphene on other substrates that are more convenient
for characterizing graphene or fabricating technological applica-
tions

These aspects contributed to a main goal: producing graphene with

minimal crystalline defects and a controllable number of layers and fa-
cilitating its integration in advanced technological applications.

207
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The major innovation of this thesis lies in the implementation of the
pressure-controlled CVD equipment which is a versatile tool for carefully
studying the impact of CVD parameters on the formation of graphene
and addressing some issues related to the synthesis substrate. This cus-
tomized CVD equipment lead to a series of novel and original findings:

e The realization of innovative CVD experiments which provide a
deeper understanding of graphene growth mechanisms. In partic-
ular, the pressure-controlled CVD equipment is of great interest
for decoupling the impact of the CVD parameters used during the
Cu annealing and graphene growth steps on graphene formation.
The exploration of a wide range of CVD parameters results in a
series of new observations (i) demonstrating the argon-induced in-
situ oxidation of Cu during the annealing step, (ii) shedding some
light on the actual role of oxygen on the nucleation site density,
(iii) and providing an insightful comparison between performing
the graphene synthesis process under ambient pressure (APCVD)
and low pressure (LPCVD) conditions.

e The use of a thin Cu film instead of a conventional Cu foil as
catalyst for graphene growth. Graphene produced on a smooth,
flat and rigid synthesis substrate is less likely to contain wrinkles
once transferred on a device-compatible substrate or can be dir-
ectly processed by conventional thin film technologies. Moreover,
Cu films constitute an ideal synthesis substrate to rigorously study
the growth of graphene owing to its high purity, its improved sur-
face roughness and its geometry enabling the catalysis on one single
surface. This last element is particularly important given that, in
the case of Cu foils, it has been demonstrated that active C species
generated at the Cu substrate backside can significantly contrib-
ute to the growth of graphene on the topside and form undesired
multilayer regions.

e The discovery of a simple method to address the Cu film degrad-
ation issues upon the graphene production process. Our results
show that performing a Cu annealing step under a high pressure
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of Ar favors the growth of large domains but adversely impacts the
Cu film physical integrity. The Cu film degradation, attributed to
hydrogen embrittlement, can be avoided by evacuating the furnace
for a brief moment prior to the graphene growth step.

e The excellent graphene synthesis results in terms of uniformity,
scalability, thickness and structural quality. Single-layer graphene
films with domains exceeding 1 mm have been produced on thin
Cu films, which is the largest domain size reported to date on
this kind of substrate. The good spatial uniformity obtained over
large surface areas (3-inch wafers) paves the path for the large-
scale integration of graphene in practical applications. Chapter 7
demonstrates a simple and efficient method to decrease the nucle-
ation site density of graphene by about four orders of magnitude
and successfully produce compact single-crystalline domains with
a lateral dimension exceeding 2 mm on Cu foils, which is not a
standard yet.

e The production of a new growth mode for the formation of defect-
free multi-layer graphene that extends over distances exceeding 1
mm and exhibit peculiar Raman signatures. To our knowledge,
this result is entirely novel and opens up several interesting sci-
entific questions and possible practical applications. Along with
these new branch-like multi-layer graphene regions, more conven-
tional compact multi-layer graphene stacks have also been ob-
served. The fundamental underlying mechanism for the forma-
tion of these additional layers is unraveled and a simple method is
proposed to control or suppress their formation.
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In conclusion, this thesis has enabled the implementation of the graphene
CVD technology with state-of-the-art capabilities in the WINFAB re-
search facility. As the lateral size of graphene domains is now commonly
used as a metric for the structural quality, particular efforts have been
directed to produce single-layer graphene made of millimeter-size single-
crystalline domains. Our results offer a series of guidelines to control the
synthesis protocol and produce graphene films with desired structural
quality and number of layers. The insights gained from the development
of the CVD synthesis equipment and protocols provide a framework to
drive the manufacturing of graphene at the industrial-scale and can po-
tentially facilitate the research and development for the CVD synthesis
of other emergent 2D materials such as h-BN and MoSs.
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Perspectives

As aforementioned, the foremost challenge for the integration of graphene
in technological applications lies in the development of manufacturing
and processing techniques that satisfy the industrial demand for high
performance, high reliability, high throughput and low cost. In this con-
text, the better understanding of the complex graphene growth mech-
anisms, the various innovations and the novel observations provided in
this thesis open up new research directions and offer some exciting per-
spectives:

1. Mass production of graphene:

Context: The chemical vapor deposition of graphene is a rather scal-
able technique as the produced graphene surface area is directly pro-
portional to the catalyst surface area exposed to the CVD conditions.
In this respect, recent technological advances have been made in im-
proving the CVD production throughput. The continuous manufactur-
ing of graphene has been demonstrated using a roll-to-roll processing
method [209-212]. Batch CVD processing demonstrated the production
of graphene sheets with dimensions up to 30 inches by rolling the Cu
foil inside a 8x 39 inches CVD furnace or the production of 280 cm?
of graphene by assembling twenty Cu foils (2x7 cm?) in a close-packed
stack [181,213]. However, inhomogeneous growth issues have been ob-
served and attributed to temperature gradient inside the furnace or to
the limited mean free path of reactive gases at the interface between
adjacent Cu surfaces.

Challenges: Although these production approaches demonstrated ad-
vanced results in terms of throughput and production costs, they fall
short when it comes to producing single-layer graphene with a high struc-
tural quality. As mentioned in chapter 7, the Cu foils require a relatively
long-duration annealing at high temperature in order to achieve a low
density of nucleation sites. It seems pretty challenging to incorporate
such a step in the continuous manufacturing process of graphene. Batch
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processing seems to be more convenient to perform a Cu annealing step
prior to the graphene growth. However, the processed Cu surface area
drastically depends on the CVD setup volume and configuration. From
chapters 4 and 7, it seems evident that folding or rolling the Cu foils
in order to fit a greater surface into a given CVD furnace volume does
not represent a viable route as the long-duration high-temperature an-
nealing will cause the Cu foil structure to soften, collapse and weld /stick
together. Moreover, the high affinity of the Cu foil for oxygen will create
a gradient of oxygen partial pressure along the gas flow mainstream path
in the CVD atmosphere. In other words, the part of the Cu foil located
close to the gas inlet will undergo severe oxidation while the one located
nearby the gas exhaust will be exposed to an atmosphere depleted from
oxygen. Similarly, the carbon precursors are going to be progressively
consumed as they flow through the CVD furnace along the Cu surface,
leading to its impoverishment in the atmosphere nearby the gas outlet.
As a consequence, the graphene growth will not be uniform over the
entire Cu sample. It is also important to avoid any gas flow blockade or
congestion induced by the Cu foil structure in order to prevent localized
Cu surface confinement effects.

Moreover, it is worth mentioning that folding Cu foils into specific struc-
tures optimizing the surface-to-volume ratio has a detrimental impact on
graphene physical integrity as unfolding the structure results in localized
strain which is very likely to introduce cracks in graphene.

Furthermore, chapter 7 demonstrated that the low density of nuclei re-
quired for the growth of large graphene domains results in a slow cov-
erage rate of the Cu foil during the graphene growth step. Maintaining
Cu surface uncovered by graphene for a longer duration favors the pro-
duction of undesirable bi- and few-layer graphene regions underneath
millimeter-size graphene domains on both sides of the Cu foil via the
diffusion of active C species through the Cu foil thickness. Consequently,
it is believed that optimizing the Cu surface area within a given CVD
reactor space while simultaneously aiming at producing a high quality
predominantly single-layer graphene film is challenging.



Chapter 8. Conclusions and perspectives 213

Solution: Using Cu films pre-deposited on flat, rigid and smooth sub-
strates represents a more appealing approach to increase the produc-
tion throughput while yielding a high quality and mainly single layer
graphene. Cu films can be easily stacked or arranged vertically in a
horizontal hot-wall furnace so that each Cu wafer is oriented in the
same way relative to the gas flow mainstream. The high softening point
of quartz or sapphire substrates ensures that the wafer will stand still
during the high temperature process. As a consequence, the Cu film
inter-distance can be adapted so that the graphene growth can be uni-
form over the Cu film wafer. Using a thin Cu film as catalyst also offers
better results in terms of controllability over the number of layers as
only one single surface catalyzes the adsorption of methane. Moreover,
given the relatively high surface-to-volume ratio of Cu achieved with the
thin film, the adsorption of methane by the Cu film bulk will be reduced
by a factor of about 50 compared to thick Cu foils. Therefore, the local
variation of methane concentration in the atmosphere along the gas flow
mainstream will be less pronounced and less methane will be required
to produce graphene. Finally, the higher purity and quasi-2D nature of
the thin Cu films make them more sensitive to the presence of oxygen
during the Cu annealing step and can be "decarbonized" more efficiently.

2. Further understanding the graphene growth mechanisms

Context: As explained in chapter 4, the actual impact of the Cu sur-
face confinement on the graphene nuclei density, the growth rate or
the growth front morphology is not well understood yet. The results
presented in chapters 6 and 7 suggest that the undesired catalysis of
carbonaceous vapors on Cu substrate prior to the graphene growth is
one of the key factors dictating the nucleation site density. It is very
likely that the Cu surface confinement contributes to reduce this un-
desired adsorption of active C species prior to graphene growth. To our
knowledge, this aspect has not been addressed in the literature yet.

Challenges: There are several difficulties to address in order to rig-
orously study the impact of the Cu surface confinement. First, it is
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essential to make sure that the observed graphene growth is the res-
ult of the diffusion of C precursors along the confined surface/interface
and does not arise from the carbon content of the Cu foil bulk or from
the diffusion of active C species through the Cu foil thickness after the
adsorption of C precursors on the non-confined Cu surface. It is also
crucial to realize that the Cu surface confinement also provides, to some
extent, a gas blockade effect during the Cu annealing step which would,
for instance, prevent the diffusion of oxygen along the interface. It is
thus challenging to decouple the effect of the Cu annealing step on the
graphene growth as this impact will have a variable effect over the Cu
surface. Finally, the employed pressure regime plays a critical role as it
controls both the diffusivity of gas species at the interface and the Cu
evaporation rate.

Solution: The best way to unravel the various the Cu surface confine-
ment impacts on graphene growth lies in precisely controlling (i) the
origin of the carbon source contributing to the formation of graphene,
(ii) the extent of Cu surface confinement over large surface areas, (iii) the
pressure regime and, (iv) the Cu annealing conditions. These strict re-
quirements can be satisfied by using the pressure-controlled CVD system
which can precisely adjust the global pressure and the partial pressure
of the various species of interest (Hy, CHy, Ar, O2) in conjunction with
a flat, rigid and smooth catalyst with one single reactive surface.

3. Graphene transfer

Context: Recently, a few research groups demonstrated that the dry
mechanical delamination of CVD graphene from its synthesis substrate
is very promising for device fabrication purposes [169,196,214]. Circum-
venting the wet Cu etching or electrochemical delamination prevents the
contact of graphene with Cu etchant and rinsing solutions, thus avoiding
the contamination by Cu etchant residuals, Cu particles or even simply
adsorbed water molecules. It is also more attractive for the fabrication
of high-performance devices to use h-BN as supporting material (and



Chapter 8. Conclusions and perspectives 215

also as final substrate) as graphene does not contact any polymer or
solvent during the transfer process step [215-218].

Challenge: Although the h-BN-assisted mechanical delamination tech-
nique provides amazing results in terms of electronic mobilities, it is
more adapted to fundamental research rather than industrial processing
of graphene. This mainly arises from the fact that (i) exfoliated h-BN
flakes feature a relatively small size, (ii) the alignment of h-BN flakes
with single-crystalline graphene domains is a cumbersome process, (iii)
the successful delamination of graphene from its synthesis is not a highly
reliable process.

Solution: The successful delamination of graphene as-grown on Cu re-
quires the proper adhesion between the graphene and the h-BN flake. As
this adhesion takes place through van der Waals forces, it is essential to
achieve a proper contact between h-BN and graphene and also make sure
that graphene does not adhere too much to the underlying Cu surface.
The reduction of the adhesion force between graphene and Cu has been
achieved through a slight natural (or intentional) oxidation of Cu the
surface upon exposure to ambient atmosphere (or water vapor) at room
(or higher) temperature [169,196,216,219]. It has also been demon-
strated that the adhesion of graphene on the underlying Cu and the Cu
surface oxidation rate underneath graphene strongly depend on the Cu
lattice orientation [171,172,220]. Producing graphene on an epitaxial
thin Cu film seems to be very promising to facilitate the h-BN-assisted
mechanical delamination technique for 3 reasons. First, performing the
CVD process step using a Cu film evaporated on a C-plane sapphire
substrate results in a ultra smooth Cu-grain-boundary-free Cu surface
and an ultra flat graphene film. A better surface planarity contributes
to improve the contact between graphene and the h-BN flake and thus
to increase their cohesion. The absence of Cu grain boundary groove
also reduces the chances of having the graphene film pinned down to the
Cu surface. Second, the substrate on which the Cu film is deposited can
be selected so that the as-grown epitaxial film exhibits an optimal tex-
ture for the mechanical delamination of graphene. Finally, the growth
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of graphene achieved on epitaxial Cu film seems to exhibit a greatly im-
proved physical integrity as the cracks and wrinkles are very difficult to
see with the SEM or using the optical microscope after a Cu oxidation
step (see Fig. 8.1).

Figure 8.1: (a-b) Optical microscope and (c,d) in-lens SEM images
of graphene as grown on Cu film pre-deposited on (a,c) a fused quartz

and (b,d) a sapphire wafer.
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4. Device fabrication

Defect-free graphene exhibits intrinsic remarkable electronic properties
[2,221]. However, many different mechanisms can cause the charge
carriers scattering including (i) charged impurities deposited on top of
graphene, trapped at the interface or present in the underlying substrate
[2,222], (ii) corrugations in the graphene sheet [223,224], (iii) phonons in
graphene or remote interfacial phonons in the substrate [225,226], (iv)
the formation of electron-hole puddles [227,228] or even strain [229]. In
order to prevent the deterioration of graphene performance induced by
extrinsic scattering sources, graphene devices have been fabricated using
suspended graphene or graphene encapsulated in h-BN.

Twisted multilayer graphene: Chapter 7 showed the production of
multilayer graphene stacks with a high relative rotation angle and lat-
eral dimensions exceeding several hundreds of micrometers. Intuitively,
the synthesized electronically decoupled tri-layer graphene sheets could
exhibit improved electronic properties compared with three single-layer
graphene sheets. The bottom layer in contact with the underlying sub-
strate can act as an intermediate substrate that mitigates the detri-
mental of the phonons and trapped charged impurities from the sub-
strate and provides a smoother substrate for the upper layers. In a
similar way, only the top layer is directly exposed to the atmosphere
or transfer process-induced residues. It would thus be interesting to
perform transport measurements in CVD-grown decoupled multilayer
graphene.

On-ship suspended graphene structures: Growing graphene on
epitaxial Cu films offers a relatively flat almost wrinkle- and defect-free
graphene sheet on a rigid conducting substrate. The flat, rigid, smooth
substrate can be directly processed by conventional CMOS technology
techniques which can readily lead to the fabrication of graphene-based
devices while circumventing the graphene transfer process step. The Cu
film originally employed as a catalyst for the CVD process can thus be
employed as a sacrificial layer to suspend graphene-based structures with
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a relatively high yield. More complex architectures can also be designed
in order to, for instance, probe the evolution of electronic transport in

suspended graphene under mechanical tensile strain.

L

[

Figure 8.2: a) In-lens and b) E-T SEM images of a suspended
graphene structure directly fabricated on the synthesis substrate by
using the Cu film (pre-deposited on a fused quartz wafer) as a sac-
rificial layer. The yield of undamaged structures is relatively good
provided that the graphene is crack free and the Cu film is grain-

boundary-free.



Appendix A

List of references

Journal Publications
1. B. Huet and J.-P. Raskin. Pressure-controlled chemical vapor

deposition of single-layer graphene with millimeter-size domains
on thin copper film. Chem. Mater., 29:3431 — 3440, 2017.

2. M. Hammad, J.-J. Adjizian, C.-H. Sacré, B. Huet, J.-C. Charlier,
J.-P. Raskin, and T. Pardoen. Adhesionless and near-ideal contact
behavior of graphene on Cu thin film. Carbon, 122:446 — 450, 2017.

Submitted Journal Publications
1. B. Huet and J.-P. Raskin. Role of Cu in-situ annealing in con-
trolling the size and thickness of CVD graphene domains. To ap-
pear in Carbon, 2017.

2. M. Hammad, M. Fivel, B. Huet, C. D’haese, B. Nysten., J.-C.
Charlier, J.-P Raskin, and T. Pardoen. Single Layer Graphene
Controlled Indentation Plasticity Mechanisms in Copper. Sub-
mitted to Acta Materialia.

3. M. Hammad, B. Huet, J.-P. Raskin, and T. Pardoen. Design, fab-
rication and development of on-ship tensile testing devices of sus-
pended graphene beams. Submitted to Microsystems € Nanoen-
gineering

219



220 Appendix A. List of references

International conference contributions (talks)

1. B. Huet, J. C. Delgado, R. Vayrette, and J.-P. Raskin. Role of
confinement in chemical vapor deposition of graphene on copper
thin films. Material Research Society (MRS) Fall, Boston, United
States, 2013.

2. B. Huet, M. Hammad, P.-A. Haddad, and J.-P. Raskin. Graphene
growth, transfer and devices fabrication. 2015 NATO Advanced
research workshop, Lviv, Ukraine, 2015.

International conference contributions (posters)

1. B. Huet and J.-P. Raskin. Low-Pressure CVD of Graphene On
Thin Cu Film and Reliable Proximity Graphene Transfer For Elec-
tronic Applications. Cargése International School, Frontier Re-
search in Graphene Based Systems, Corsica, France, 2014.

2. B. Huet, M. Hammad, and J.-P. Raskin. Wafer-Scale Transfer
of Graphene Grown on Thin Cu Film. Material Research Society
(MRS) Fall, Boston, United States, 2014.

3. B. Huet and J.-P. Raskin. Growth of Spatially-Arranged Millimeter-
Size Single-Crystal Graphene on Thin Cu Film. Material Research
Society (MRS) Fall, Boston, United States, 2015.

4. B. Huet and J.-P. Raskin. Pressure-Controlled Chemical Va-
por Deposition of Single-Layer Graphene with Millimeter-Size Do-
mains on Thin Cu Film. Graphene2017, Barcelona, Spain, 2017.

5. B. Huet and J.-P. Raskin. Chemical Vapor Deposition Pro-
tocol Engineering for Controlling Graphene Single-Crystal Size
and Thickness. Chem2DMat, Strasbourg, France, 2017.



(1]

2]

Bibliography

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos,
1. V. Grigorieva, and A. A. Firsov. Electric field effect in atomically thin carbon
films. Science, 306:666—669, 2004.

K.I. Bolotin, K.J. Sikes, Z. Jiang, M. Klima, G. Fudenberg, J. Hone, P. Kim,
and H.L. Stormer. Ultrahigh electron mobility in suspended graphene. Solid
State Commun., 146:351 — 355, 2008.

Changgu Lee, Xiaoding Wei, Jeffrey W. Kysar, and James Hone. Measurement
of the elastic properties and intrinsic strength of monolayer graphene. Science,
321:385-388, 2008.

M. Hammad, J.-J. Adjizian, C.-H. Sacré, B. Huet, J.-C. Charlier, J.-P. Raskin,
and T. Pardoen. Adhesionless and near-ideal contact behavior of graphene on
Cu thin film. Carbon, 122(Supplement C):446 — 450, 2017.

Alexander A. Balandin, Suchismita Ghosh, Wenzhong Bao, Irene Calizo, De-
salegne Teweldebrhan, Feng Miao, and Chun Ning Lau. Superior thermal con-
ductivity of single-layer graphene. Nano Lett., 8:902-907, 2008.

R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J. Booth,
T. Stauber, N. M. R. Peres, and A. K. Geim. Fine structure constant defines
visual transparency of graphene. Science, 320:1308-1308, 2008.

J. Scott Bunch, Scott S. Verbridge, Jonathan S. Alden, Arend M. van der Zande,
Jeevak M. Parpia, Harold G. Craighead, and Paul L. McEuen. Impermeable
atomic membranes from graphene sheets. Nano Lett., 8:2458-2462, 2008.

Lewis Gomez De Arco, Yi Zhang, Cody W. Schlenker, Koungmin Ryu, Mark E.
Thompson, and Chongwu Zhou. Continuous, highly flexible, and transparent
graphene films by chemical vapor deposition for organic photovoltaics. ACS
Nano, 4:2865-2873, 2010.

Anderson D. Smith, Karim Elgammal, Frank Niklaus, Anna Delin, Andreas C.
Fischer, Sam Vaziri, Fredrik Forsberg, Mikael Rasander, Hakan Hugosson, Lars
Bergqvist, Stephan Schroder, Satender Kataria, Mikael Ostling, and Max C.
Lemme. Resistive graphene humidity sensors with rapid and direct electrical
readout. Nanoscale, 7:19099-19109, 2015.

221



222

BIBLIOGRAPHY

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

18]

[19]

[20]

21]

[22]

23]

Benyamin Davaji, Hak Dong Cho, Mohamadali Malakoutian, Jong-Kwon Lee,
Gennady Panin, Tae Won Kang, and Chung Hoon Lee. A patterned single layer
graphene resistance temperature sensor. Sci. Rep., 7, 2017.

Chang-Hua Liu, You-Chia Chang, Theodore B. Norris, and Zhaohui Zhong.
Graphene photodetectors with ultra-broadband and high responsivity at room
temperature. Nat. Nano, 9:273-278, 2014.

Chenguang Liu, Zhenning Yu, David Neff, Aruna Zhamu, and Bor Z. Jang.
Graphene-based supercapacitor with an ultrahigh energy density. Nano Lett.,
10:4863-4868, 2010.

Martin Pumera. Graphene-based nanomaterials for energy storage. Energy
FEnviron. Sci., 4:668-674, 2011.

Zixu Zhu, Saumil Joshi, Sachit Grover, and Garret Moddel. Graphene geomet-
ric diodes for terahertz rectennas. J. Phys. D: Appl. Phys., 46:185101, 2013.

Yi Song, Sehoon Chang, Silvija Gradecak, and Jing Kong. Visibly-transparent
organic solar cells on flexible substrates with all-graphene electrodes. Adwv.
Energy Mater., 6:1600847, 2016.

Lu Huang, Yi Huang, Jiajie Liang, Xiangjian Wan, and Yongsheng Chen.
Graphene-based conducting inks for direct inkjet printing of flexible conductive
patterns and their applications in electric circuits and chemical sensors. Nano
Res., 4:675-684, 2011.

Editorial. Graphene steps into biomedicine. Nat. Mater., 15:485, 2016.

Hyunjae Lee, Tae Kyu Choi, Young Bum Lee, Hye Rim Cho, Roozbeh Ghaf-
fari, Liu Wang, Hyung Jin Choi, Taek Dong Chung, Nanshu Lu, Taeghwan
Hyeon, Seung Hong Choi, and Dae-Hyeong Kim. A graphene-based electro-
chemical device with thermoresponsive microneedles for diabetes monitoring
and therapy. Nat. Nano, 11:566-572, 2016.

Seba S. Varghese, Sunil Lonkar, K.K. Singh, Sundaram Swaminathan, and
Ahmed Abdala. Recent advances in graphene based gas sensors. Sens. Actuators
B, 218:160 — 183, 2015.

Robin J. Dolleman, Dejan Davidovikj, Santiago J. Cartamil-Bueno, Herre S. J.
van der Zant, and Peter G. Steeneken. Graphene squeeze-film pressure sensors.
Nano Lett., 16:568-571, 2016.

Hanaa M. Hegab and Linda Zou. Graphene oxide-assisted membranes: Fab-
rication and potential applications in desalination and water purification. J.
Memb. Sci., 484:95 — 106, 2015.

Saoirse Dervin, Dionysios D. Dionysiou, and Suresh C. Pillai. 2d nanostructures
for water purification: graphene and beyond. Nanoscale, 8:15115-15131, 2016.

Jeffrey R. Potts, Daniel R. Dreyer, Christopher W. Bielawski, and Rodney S.
Ruoff. Graphene-based polymer nanocomposites. Polymer, 52:5 — 25, 2011.



BIBLIOGRAPHY 223

[24]

[25]

[26]

[27]

28]

[29]

[30]

31]

32]

[33]

[34]

[35]

[36]

Yu-Ming Lin, Keith A. Jenkins, Alberto Valdes-Garcia, Joshua P. Small, Da-
mon B. Farmer, and Phaedon Avouris. Operation of graphene transistors at
gigahertz frequencies. Nano Lett., 9:422-426, 2009.

Y.-M. Lin, C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer, H.-Y. Chiu,
A. Grill, and Ph. Avouris. 100-GHz transistors from wafer-scale epitaxial
graphene. Science, 327:662-662, 2010.

Xianjun Huang, Ting Leng, Mengjian Zhu, Xiao Zhang, JiaCing Chen, KuoHsin
Chang, Mohammed Ageeli, Andre K. Geim, Kostya S. Novoselov, and Zhirun
Hu. Highly flexible and conductive printed graphene for wireless wearable com-
munications applications. Sci. Rep., 5, 2015.

George Anagnostopoulos, Panagiotis-Nektarios Pappas, Zheling Li, lan A. Kin-
loch, Robert J. Young, Kostya S. Novoselov, Ching Yu Lu, Nicola Pugno, John
Parthenios, Costas Galiotis, and Konstantinos Papagelis. Mechanical stability
of flexible graphene-based displays. ACS Appl. Mat. Interfaces., 8:22605-22614,
2016.

M. Mitchell Waldrop. The chips are down for moore’s law. Nature, 530:144-147,
2016.

Semiconductor Industry Association. International technology roadmap for
semiconductors, 2015.

Kaizad Mistry. Intel technology and manufacturing day 2017: 10 nm technology
leadership, 2015.

Yani Chen, Hongbin Zhao, Leimei Sheng, Liming Yu, Kang An, Jiagiang Xu,
Yoshinori Ando, and Xinluo Zhao. Mass-production of highly-crystalline few-
layer graphene sheets by arc discharge in various Ho inert gas mixtures. Chem.
Phys. Lett., 538:72 — 76, 2012.

Baoshou Shen, Jijun Ding, Xingbin Yan, Wangjun Feng, Jun Li, and Qunji
Xue. Influence of different buffer gases on synthesis of few-layered graphene by
arc discharge method. Appl. Surf. Sci., 258:4523 — 4531, 2012.

Sasha Stankovich, Dmitriy A. Dikin, Richard D. Piner, Kevin A. Kohlhaas,
Alfred Kleinhammes, Yuanyuan Jia, Yue Wu, SonBinh T. Nguyen, and Rod-
ney S. Ruoff. Synthesis of graphene-based nanosheets via chemical reduction
of exfoliated graphite oxide. Carbon, 45:1558 — 1565, 2007.

Ching-Yuan Su, Ang-Yu Lu, Yanping Xu, Fu-Rong Chen, Andrei N.
Khlobystov, and Lain-Jong Li. High-quality thin graphene films from fast elec-
trochemical exfoliation. ACS Nano, 5:2332-2339, 2011.

Lisa M. Viculis, Julia J. Mack, Oren M. Mayer, H. Thomas Hahn, and
Richard B. Kaner. Intercalation and exfoliation routes to graphite nanoplate-
lets. J. Mater. Chem., 15:974-978, 2005.

Sharali Malik, Aravind Vijayaraghavan, Rolf Erni, Katsuhiko Ariga, Ivan

Khalakhan, and Jonathan P. Hill. High purity graphenes prepared by a chem-
ical intercalation method. Nanoscale, 2:2139-2143, 2010.



224

BIBLIOGRAPHY

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Peter Blake, Paul D. Brimicombe, Rahul R. Nair, Tim J. Booth, Da Jiang,
Fred Schedin, Leonid A. Ponomarenko, Sergey V. Morozov, Helen F. Gleeson,
Ernie W. Hill, Andre K. Geim, and Kostya S. Novoselov. Graphene-based liquid
crystal device. Nano Lett., 8:1704-1708, 2008.

Yenny Hernandez, Valeria Nicolosi, Mustafa Lotya, Fiona M. Blighe, Zhenyu
Sun, Sukanta De, McGovernl. T., Brendan Holland, Michele Byrne, Yurii K.
Gun’Ko, John J. Boland, Peter Niraj, Georg Duesberg, Satheesh Krish-
namurthy, Robbie Goodhue, John Hutchison, Vittorio Scardaci, Andrea C.
Ferrari, and Jonathan N. Coleman. High-yield production of graphene by liquid-
phase exfoliation of graphite. Nat. Nano, 3:563-568, 2008.

Konstantin V. Emtsev, Aaron Bostwick, Karsten Horn, Johannes Jobst, Gary L.
Kellogg, Lothar Ley, Jessica L. McChesney, Taisuke Ohta, Sergey A. Reshanov,
Jonas Rohrl, Eli Rotenberg, Andreas K. Schmid, Daniel Waldmann, Heiko B.
Weber, and Thomas Seyller. Towards wafer-size graphene layers by atmospheric
pressure graphitization of silicon carbide. Nat. Mater., 8:203-207, 2009.

Walt A. de Heer, Claire Berger, Ming Ruan, Mike Sprinkle, Xuebin Li, Yike
Hu, Baigian Zhang, John Hankinson, and Edward Conrad. Large area and
structured epitaxial graphene produced by confinement controlled sublimation
of silicon carbide. Proc. Natl. Acad. Sci., 108:16900-16905, 2011.

Cem Ctelebi, Cenk Yanik, Anil Gunay Demirkol, and Ismet I. Kaya. The effect
of a SiC cap on the growth of epitaxial graphene on SiC in ultra high vacuum.
Carbon, 50:3026 — 3031, 2012.

C. Celebi, C. Yanik, A.G. Demirkol, and Ismet I. Kaya. Control of the graphene
growth rate on capped SiC surface under strong Si confinement. Appl. Surf.
Seci., 264:56 — 60, 2013.

Laura B Biedermann, Thomas E Beechem, Anthony J Ross, Taisuke Ohta, and
Stephen W Howell. Electrostatic transfer of patterned epitaxial graphene from
SiC(0001) to glass. New J. Phys., 12:125016, 2010.

A. Reina, X. Jia, J. Ho, D. Nezich, H. Son, V. Bulovic, M. S. Dresselhaus,
and J. Kong. Large area, few-layer graphene films on arbitrary substrates by
chemical vapor deposition. Nano Lett., 9:30-35, 2009.

Choon-Ming Seah, Siang-Piao Chai, and Abdul Rahman Mohamed. Mechan-
isms of graphene growth by chemical vapour deposition on transition metals.
Carbon, 70:1 — 21, 2014.

M. Lukosius, J. Dabrowski, J. Kitzmann, O. Fursenko, F. Akhtar, M. Lisker,
G. Lippert, S. Schulze, Y. Yamamoto, M. A. Schubert, H. M. Krause, A. Wolff,
A. Mai, T. Schroeder, and G. Lupina. Metal-free CVD graphene synthesis on
200 mm Ge/Si(001) substrates. ACS Appl. Mat. Interfaces., 8:33786-33793,
2016.

A. M. Scaparro, V. Miseikis, C. Coletti, A. Notargiacomo, M. Pea, M. De Seta,
and L. Di Gaspare. Investigating the CVD synthesis of graphene on ge(100):
toward layer-by-layer growth. ACS Appl. Mat. Interfaces., 8:33083-33090, 2016.



BIBLIOGRAPHY 225

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

Jeonghyun Hwang, Moonkyung Kim, Dorr Campbell, Hussain A. Alsalman,
Joon Young Kwak, Shriram Shivaraman, Arthur R. Woll, Arunima K. Singh,
Richard G. Hennig, Sandeep Gorantla, Mark H. Riimmeli, and Michael G.
Spencer. van der waals epitaxial growth of graphene on sapphire by chemical
vapor deposition without a metal catalyst. ACS Nano, 7:385-395, 2013.

Niclas Lindvall, Matthew T. Cole, and August Yurgens. Large-area uniform
graphene-like thin films grown by chemical vapor deposition directly on silicon
nitride. Appl. Phys. Lett., 98:252107, 2011.

J. Chen, Y. Guo, Y. Wen, L. Huang, Y. Xue, D. Geng, B. Wu, B. Luo, G. Yu,
and Y. Liu. Two-stage metal-catalyst-free growth of high-quality polycrystalline
graphene films on silicon nitride substrates. Adv. Mater., 25:992-997, 2013.

S. Bhaviripudi, X. Jia, M. S. Dresselhaus, and J. Kong. Role of kinetic factors
in chemical vapor deposition synthesis of uniform large area graphene using
copper catalyst. Nano Lett., 10:4128-4133, 2010.

Wi Liu, Hong Li, Chuan Xu, Yasin Khatami, and Kaustav Banerjee. Synthesis
of high-quality monolayer and bilayer graphene on copper using chemical vapor
deposition. Carbon, 49:4122 — 4130, 2011.

H. Kim, C. Mattevi, M. R. Calvo, J. C. Oberg, L. Artiglia, S. Agnoli, C. F.

Hirjibehedin, M. Chhowalla, and E. Saiz. Activation energy paths for graphene
nucleation and growth on Cu. ACS Nano, 6:3614-3623, 2012.

Z. Yan, J. Lin, Z. Peng, Z. Sun, Y. Zhu, L. Li, C. Xiang, E. L. Samuel,
C. Kittrell, and J. M. Tour. Toward the synthesis of wafer-scale single-crystal
graphene on copper foils. ACS Nano, 6:9110-9117, 2012.

W. Zhang, P. Wu, Z. Li, and J. Yang. First-principles thermodynamics of
graphene growth on Cu surfaces. J. Phys. Chem. C, 115:17782-17787, 2011.
Linfeng Chen, Zhizhi Kong, Shuanglin Yue, Jinxin Liu, Jingwen Deng, Yao
Xiao, Rafael G. Mendes, Mark H. Rummeli, Lianmao Peng, and Lei Fu. Growth
of uniform monolayer graphene using iron-group metals via the formation of an
antiperovskite layer. Chem. Mater., 27:8230-8236, 2015.

M. P. Lavin-Lopez, M. Fernandez-Diaz, L. Sanchez-Silva, J. L. Valverde, and
A. Romero. Improving the growth of monolayer CVD-graphene over polycrys-
talline iron sheets. New J. Chem., 41:5066-5074, 2017.

G.A. Lopez and E.J. Mittemeijer. The solubility of ¢ in solid Cu. Scr. Mater.,
51:1-5, 2004.

William J. Arnoult and Rex B. McLellan. The solubility of carbon in rhodium
ruthenium, iridium and rhenium. Scr. Metall., 6:1013 — 1018, 1972.

Byung Jin Kang, Jeong Hun Mun, Chan Yong Hwang, and Byung Jin Cho.
Monolayer graphene growth on sputtered thin film platinum. J. Appl. Phys.,
106:104309, 2009.

ASM Handbook. Alloy Phase Diagram, volume 3. ASM International, 1992.



226

BIBLIOGRAPHY

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Kemal Celebi, Matthew T. Cole, Jong Won Choi, Frederic Wyczisk, Pierre
Legagneux, Nalin Rupesinghe, John Robertson, Kenneth B. K. Teo, and Hy-
ung Gyu Park. Evolutionary kinetics of graphene formation on copper. Nano
Lett., 13:967-974, 2013.

Mohan V. Jacob, Rajdeep S. Rawat, Bo Ouyang, Kateryna Bazaka, D. Sakthi
Kumar, Dai Taguchi, Mitsumasa Iwamoto, Ram Neupane, and Oomman K.
Varghese. Catalyst-free plasma enhanced growth of graphene from sustainable
sources. Nano Lett., 15:5702-5708, 2015.

Huaping Wang and Gui Yu. Direct CVD graphene growth on semiconductors
and dielectrics for transfer-free device fabrication. Adv. Mater., 28:4956-4975,
2016.

Abdeladim Guermoune, Tarun Chari, Filip Popescu, Shadi S. Sabri, Jonathan
Guillemette, Helgi S. Skulason, Thomas Szkopek, and Mohamed Siaj. Chemical
vapor deposition synthesis of graphene on copper with methanol, ethanol, and
propanol precursors. Carbon, 49:4204 — 4210, 2011.

Pei Zhao, Akihito Kumamoto, Sungjin Kim, Xiao Chen, Bo Hou, Shohei Chi-
ashi, Erik Einarsson, Yuichi Ikuhara, and Shigeo Maruyama. Self-limiting chem-
ical vapor deposition growth of monolayer graphene from ethanol. J. Phys.
Chem. C, 117:10755-10763, 2013.

Mei Qi, Zhaoyu Ren, Yang Jiao, Yixuan Zhou, Xinlong Xu, Weilong Li, Jiayuan
Li, Xinliang Zheng, and Jintao Bai. Hydrogen kinetics on scalable graphene
growth by atmospheric pressure chemical vapor deposition with acetylene. J.
Phys. Chem. C, 117:14348-14353, 2013.

Gregory W. Cushing, Viktor Johének, Jason K. Navin, and Ian Harrison.
Graphene growth on Pt(111) by ethylene chemical vapor deposition at surface
temperatures near 1000 K. J. Phys. Chem. C, 119:4759-4768, 2015.

Jisu Jang, Myungwoo Son, Sunki Chung, Kihyeun Kim, Chunhum Cho,
Byoung Hun Lee, and Moon-Ho Ham. Low-temperature-grown continuous
graphene films from benzene by chemical vapor deposition at ambient pres-
sure. Sci. Rep., 5:17955, 2015.

Fangzhu Qing, Ruitao Jia, Bao-Wen Li, Chunlin Liu, Congzhou Li, Bo Peng,
Longjiang Deng, Wanli Zhang, Yanrong Li, Rodney S Ruoff, and Xuesong Li.
Graphene growth with "no" feedstock. 2D Mater., 4:025089, 2017.

Junqgi Xu, Can Fu, Haibin Sun, Lanxiang Meng, Yanjie Xia, Chongwu Zhang,
Xiaolei Yi, Wenchao Yang, Pengfei Guo, Chunlei Wang, and Jiangfeng Liu.
Large-area, high-quality monolayer graphene from polystyrene at atmospheric
pressure. Nanotechnology, 28:155605, 2017.

Zhengzong Sun, Zheng Yan, Jun Yao, Elvira Beitler, Yu Zhu, and James M.
Tour. Growth of graphene from solid carbon sources. Nature, 468:549-552,
2010.



BIBLIOGRAPHY 227

(73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

Haibin Sun, Junqi Xu, Chunlei Wang, Guixian Ge, Yonglei Jia, Jiangfeng Liu,
Fengqi Song, and Jianguo Wan. Synthesis of large-area monolayer and bilayer
graphene using solid coronene by chemical vapor deposition. Carbon, 108:356
- 362, 2016.

Gedeng Ruan, Zhengzong Sun, Zhiwei Peng, and James M. Tour. Growth of
graphene from food, insects, and waste. ACS Nano, 5:7601-7607, 2011.

P. R. Kidambi, C. Ducati, B. Dlubak, D. Gardiner, R. S. Weatherup, M.-B.
Martin, P. Seneor, H. Coles, and S. Hofmann. The parameter space of graphene
chemical vapor deposition on polycrystalline Cu. J. Phys. Chem. C, 116:22492—
22501, 2012.

P. Y. Huang, C. S. Ruiz-Vargas, A. M. van der Zande, W. S. Whitney, M. P.
Levendorf, J. W. Kevek, S. Garg, J. S. Alden, C. J. Hustedt, Y. Zhu, J. Park,
P. L. McEuen, and D. A. Muller. Grains and grain boundaries in single-layer
graphene atomic patchwork quilts. Nature, 469:389-392, 2011.

Oleg V. Yazyev and Yong P. Chen. Polycrystalline graphene and other two-
dimensional materials. Nat. Nano., 9:755-767, 2014.

X. Li, C. W. Magnuson, A. Venugopal, J. An, J. W. Suk, B. Han, M. Borysiak,
W. Cai, A. Velamakanni, Y. Zhu, L. Fu, E. M. Vogel, E. Voelkl, L. Colombo,
and R. S. Ruoff. Graphene films with large domain size by a two-step chemical
vapor deposition process. Nano Lett., 10:4328-4334, 2010.

C. Jia, J. Jiang, L. Gan, and X. Guo. Direct optical characterization of graphene
growth and domains on growth substrates. Sci. Rep., 2:1-6, 2012.

Y.H. Zhang, Z.Y. Chen, B. Wang, Y.W. Wu, Z. Jin, X.Y. Liu, and G.H. Yu.
Controllable growth of millimeter-size graphene domains on Cu foil. Materials
Letters, 96:149-151, 2013.

Ivan Vlassiouk, Sergei Smirnov, Murari Regmi, Sumedh P. Surwade, Nishtha
Srivastava, Randall Feenstra, Gyula Eres, Chad Parish, Nick Lavrik, Panos
Datskos, Sheng Dai, and Pasquale Fulvio. Graphene nucleation density on cop-
per: Fundamental role of background pressure. J. Phys. Chem. C, 117:18919-
18926, 2013.

I. Vlassiouk, M. Regmi, P. Fulvio, S. Dai, P. Datskos, G. Eres, and S. Smirnov.
Role of hydrogen in chemical vapor deposition growth of large single-crystal
graphene. ACS Nano, 5:6069-6076, 2011.

Ali Mohsin, Lei Liu, Peizhi Liu, Wan Deng, Ilia N. Ivanov, Guoliang Li, On-
drej E. Dyck, Gerd Duscher, John R. Dunlap, Kai Xiao, and Gong Gu. Syn-
thesis of millimeter-size hexagon-shaped graphene single crystals on resolidified
copper. ACS Nano, 7:8924-8931, 2013.

Shu Nie, Wei Wu, Shirui Xing, Qingkai Yu, Jiming Bao, Shin shem Pei, and
Kevin F McCarty. Growth from below: bilayer graphene on copper by chemical
vapor deposition. New J. Phys., 14:093028, 2012.



228

BIBLIOGRAPHY

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

Hailong Zhou, Woo Jong Yu, Lixin Liu, Rui Cheng, Yu Chen, Xiaoqging Huang,
Yuan Liu, Yang Wang, Yu Huang, and Xiangfeng Duan. Chemical vapour
deposition growth of large single crystals of monolayer and bilayer graphene.
Nat. Commun., 4, 2013.

Stefanos Chaitoglou and Enric Bertran. FEffect of temperature on graphene
grown by chemical vapor deposition. J. Mat. Sci., 52:8348-8356, 2017.

Gyula Eres, Murari Regmi, Christopher M. Rouleau, Jihua Chen, Ilia N. Ivanov,
Alexander A. Puretzky, and David B. Geohegan. Cooperative island growth of
large-area single-crystal graphene on copper using chemical vapor deposition.
ACS Nano, 8:5657-5669, 2014.

R. M. Jacobberger and M. S. Arnold. Graphene growth dynamics on epitaxial
copper thin films. Chem. Mater., 25:871-877, 2013.

G. H. Han, F. Gunes, J. J. Bae, E. S. Kim, S. J. Chae, H.-J. Shin, J.-Y. Choi,
D. Pribat, and Y. H. Lee. Influence of copper morphology in forming nucleation
seeds for graphene growth. Nano Lett., 11:4144-4148, 2011.

Philipp Braeuninger-Weimer, Barry Brennan, Andrew J. Pollard, and Stephan
Hofmann. Understanding and controlling Cu-catalyzed graphene nucleation:
The role of impurities, roughness, and oxygen scavenging. Chem. Mater.,
28:8905-8915, 2016.

Soo Min Kim, Allen Hsu, Yi-Hsien Lee, Mildred Dresselhaus, TomAjs Palacios,
Ki Kang Kim, and Jing Kong. The effect of copper pre-cleaning on graphene
synthesis. Nanotechnology, 24:365602, 2013.

I. Vlassiouk, P. Fulvio, H. Meyer, N. Lavrik, S. Dai, P. Datskos, and S. Smirnov.
Large scale atmospheric pressure chemical vapor deposition of graphene. Car-
bon, 54:58 — 67, 2013.

Min-Sik Kim, Jeong-Min Woo, Dae-Myeong Geum, J. R. Rani, and Jae-Hyung
Jang. Effect of copper surface pre-treatment on the properties of CVD grown
graphene. AIP Adv., 4:127107, 2014.

Adrian T. Murdock, Christian D. van Engers, Jude Britton, Vitaliy Babenko,
Seyyed Shayan Meysami, Hugh Bishop, Alison Crossley, Antal A. Koos, and
Nicole Grobert. Targeted removal of copper foil surface impurities for improved
synthesis of CVD graphene. Carbon, 122:207 — 216, 2017.

Seiya Suzuki, Takashi Nagamori, Yuki Matsuoka, and Masamichi Yoshimura.
Threefold atmospheric-pressure annealing for suppressing graphene nucleation
on copper in chemical vapor deposition. Jpn J. Appl. Phys., 53:095101, 2014.

L. Gao, W. Ren, H. Xu, L. Jin, Z. Wang, T. Ma, L. Ma, Z. Zhang, Q. Fu,
L.-M. Peng, X. Bao, and H.-M. Cheng. Repeated growth and bubbling trans-
fer of graphene with millimetre-size single-crystal grains using platinum. Nat.
Commun., 3:699, 2012.



BIBLIOGRAPHY 229

[97]

[98]

[99]

[100]

[101]

[102]

[103)

[104]

[105)

[106)

[107)

Dong Ding, Pablo Solis-Fernadndez, Rozan Mohamad Yunus, Hiroki Hibino, and
Hiroki Ago. Behavior and role of superficial oxygen in Cu for the growth of
large single-crystalline graphene. Appl. Surf. Sci., 408:142 — 149, 2017.

Kamal P. Sharma, Sachin M. Shinde, Mohamad Saufi Rosmi, Subash Sharma,
Golap Kalita, and Masaki Tanemura. Effect of copper foil annealing process on
large graphene domain growth by solid source-based chemical vapor deposition.
J. Mater. Sci., 51:7220-7228, 2016.

H. Wang, G. Wang, P. Bao, S. Yang, W. Zhu, X. Xie, and W.-J. Zhang. Con-
trollable synthesis of submillimeter single-crystal monolayer graphene domains
on copper foils by suppressing nucleation. J. Am. Chem. Soc., 134:3627-3630,
2012.

Bing Liu, Ningning Xuan, Kun Ba, Xianchong Miao, Minbiao Ji, and Zheng-
zong Sun. Towards the standardization of graphene growth through carbon
depletion, refilling and nucleation. Carbon, 119:350-354, 2017.

Ya-Ping Hsieh, Ding-Rui Chen, Wan-Yu Chiang, Kai-Jyun Chen, and Mario
Hofmann. Recrystallization of copper at a solid interface for improved CVD
graphene growth. RSC Adv., 7:3736-3740, 2017.

Yufeng Hao, M. S. Bharathi, Lei Wang, Yuanyue Liu, Hua Chen, Shu Nie,
Xiaohan Wang, Harry Chou, Cheng Tan, Babak Fallahazad, H. Ramanarayan,
Carl W. Magnuson, Emanuel Tutuc, Boris I. Yakobson, Kevin F. McCarty,
Yong-Wei Zhang, Philip Kim, James Hone, Luigi Colombo, and Rodney S.
Ruoft. The role of surface oxygen in the growth of large single-crystal graphene
on copper. Science, 342:720-723, 2013.

Jirgen Kraus, Magdalene Bbébel, and Sebastian Giinther. Suppressing graphene
nucleation during CVD on polycrystalline Cu by controlling the carbon content
of the support foils. Carbon, 96:153 — 165, 2016.

Jing Li, Xuan-Yun Wang, Xing-Rui Liu, Zhi Jin, Dong Wang, and Li-Jun
Wan. Facile growth of centimeter-sized single-crystal graphene on copper foil
at atmospheric pressure. J. Mater. Chem. C, 3:3530-3535, 2015.

X. Li, C. W. Magnuson, A. Venugopal, R. M. Tromp, J. B. Hannon, E. M.
Vogel, L. Colombo, and R. S. Ruoff. Large-area graphene single crystals grown
by low-pressure chemical vapor deposition of methane on copper. J. Am. Chem.
Soc., 133:2816-2819, 2011.

V Miseikis, D Convertino, N Mishra, M Gemmi, T Mashoff, S Heun,
N Haghighian, F Bisio, M Canepa, V Piazza, and C Coletti. Rapid CVD
growth of millimetre-sized single crystal graphene using a cold-wall reactor. 2D
Mater., 2:014006, 2015.

S. Chen, H. Ji, H. Chou, Q. Li, H. Li, J. W. Suk, R. Piner, L. Liao, W. Cai, and
R. S. Ruoff. Millimeter-size single-crystal graphene by suppressing evaporative
loss of Cu during low pressure chemical vapor deposition. Adv. Mater., 25:2062—
2065, 2013.



230

BIBLIOGRAPHY

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Y. Zhang, L. Zhang, P. Kim, M. Ge, Z. Li, and C. Zhou. Vapor trapping growth
of single-crystalline graphene flowers: Synthesis, morphology, and electronic
properties. Nano Lett., 12:2810-2816, 2012.

Mark H. Rimmeli, Sandeep Gorantla, Alicja Bachmatiuk, Johannes Phieler,
Nicole Geifiler, Imad Ibrahim, Jinbo Pang, and Jirgen Eckert. On the role
of vapor trapping for chemical vapor deposition (CVD) grown graphene over
copper. Chem. Mater., 25:4861-4866, 2013.

Chaocheng Wang, Wei Chen, Cheng Han, Guang Wang, Binbing Tang,
Changxin Tang, Yan Wang, Wennan Zou, Wei Chen, Xue-Ao Zhang, Shigiao
Qin, Shengli Chang, and Li Wang. Growth of millimeter-size single crystal
graphene on Cu foils by circumfluence chemical vapor deposition. Sci. Rep.,
4:1-5, 2014.

Yenan Song, Dingyi Pan, Yu Cheng, Peng Wang, Pei Zhao, and Hongtao Wang.
Growth of large graphene single crystal inside a restricted chamber by chemical
vapor deposition. Carbon, 95:1027 — 1032, 2015.

Chiao-Chen Chen, Chia-Jung Kuo, Chun-Da Liao, Chin-Fu Chang, Chi-Ang
Tseng, Chia-Rung Liu, and Yit-Tsong Chen. Growth of large-area graphene
single crystals in confined reaction space with diffusion-driven chemical vapor
deposition. Chem. Mater., 27:6249-6258, 2015.

Lin Gan and Zhengtang Luo. Turning off hydrogen to realize seeded growth
of subcentimeter single-crystal graphene grains on copper. ACS Nano, 7:9480—
9488, 2013.

Shengnan Wang, Hiroki Hibino, Satoru Suzuki, and Hideki Yamamoto. Atmo-
spheric pressure chemical vapor deposition growth of millimeter-scale single-
crystalline graphene on the copper surface with a native oxide layer. Chem.
Mater., 28:4893-4900, 2016.

Li Lin, Jiayu Li, Huaying Ren, Ai Leen Koh, Ning Kang, Hailin Peng, H. Q. Xu,
and Zhongfan Liu. Surface engineering of copper foils for growing centimeter-
sized single-crystalline graphene. ACS Nano, 10:2922-2929, 2016.

Benjamin Huet and Jean-Pierre Raskin. Role of Cu in-situ annealing in con-
trolling the size and thickness of CVD graphene domains. Submitted to Carbon,
2017.

Qingkai Yu, Luis A. Jauregui, Wei Wu, Robert Colby, Jifa Tian, Zhihua Su,
Helin Cao, Zhihong Liu, Deepak Pandey, Dongguang Wei, Ting Fung Chung,
Peng Peng, Nathan P. Guisinger, Eric A. Stach, Jiming Bao, Shin-Shem Pei,
and Yong P. Chen. Control and characterization of individual grains and grain
boundaries in graphene grown by chemical vapour deposition. Nat. Mater.,
10:443-449, 2011.

W. Wu, L. A. Jauregui, Z. Su, Z. Liu, J. Bao, Y. P. Chen, and Q. Yu. Growth
of single crystal graphene arrays by locally controlling nucleation on polycrys-
talline Cu using chemical vapor deposition. Adv. Mater., 23:4898-4903, 2011.



BIBLIOGRAPHY 231

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

Vaidotas Miseikis, Federica Bianco, Jérémy David, Mauro Gemmi, Vittorio
Pellegrini, Marco Romagnoli, and Camilla Coletti. Deterministic patterned
growth of high-mobility large-crystal graphene: a path towards wafer scale
integration. 2D Mater., 4:021004, 2017.

Wei Xu, Wei Wang, Zhiyong Guo, and Zhaoping Liu. Fabrication of
submillimeter-sized single-crystalline graphene arrays by a commercial printing-
assisted CVD method. RSC Adv., 7:17800-17805, 2017.

Tianru Wu, Xuefu Zhang, Qinghong Yuan, Jiachen Xue, Guangyuan Lu, Zhi-
hong Liu, Huishan Wang, Haomin Wang, Feng Ding, Qingkai Yu, Xiaoming
Xie, and Mianheng Jiang. Fast growth of inch-sized single-crystalline graphene
from a controlled single nucleus on Cu-Ni alloys. Nat. Mater., 15:43-47, 2016.

Dong Ding, Pablo Solis-Fernandez, Hiroki Hibino, and Hiroki Ago. Spatially
controlled nucleation of single-crystal graphene on Cu assisted by stacked Ni.
ACS Nano, 10:11196-11204, 2016.

Adrian T. Murdock, Antal Koos, T. Ben Britton, Lothar Houben, Tim Bat-
ten, Tong Zhang, Angus J. Wilkinson, Rafal E. Dunin-Borkowski, Christina E.
Lekka, and Nicole Grobert. Controlling the orientation, edge geometry, and
thickness of chemical vapor deposition graphene. ACS Nano, 7:1351-1359,
2013.

D. Geng, B. Wu, Y. Guo, L. Huang, Y. Xue, J. Chen, G. Yu, L. Jiang, W. Hu,
and Y. Liu. Uniform hexagonal graphene flakes and films grown on liquid
copper surface. Proc. Natl. Acad. Sci. U.S.A., 109:7992-7996, 2012.

Y. A. Wu, Y. Fan, S. Speller, G. L. Creeth, J. T. Sadowski, K. He, A. W.
Robertson, C. S. Allen, and J. H. Warner. Large single crystals of graphene on
melted copper using chemical vapor deposition. ACS Nano, 6:5010-5017, 2012.

Dechao Geng, Birong Luo, Jie Xu, Yunlong Guo, Bin Wu, Wenping Hu, Yunqi
Liu, and Gui Yu. Self-aligned single-crystal graphene grains. Adv. Funct. Ma-
ter., 24:1664-1670, 2014.

M.P. Levendorf, C.S. Ruiz-Vargas, S. Garg, and J. Park. Transfer-free batch
fabrication of single layer graphene transistors. Nano Lett., 9:4479-4483, 2009.

Youngbin Lee, Sukang Bae, Houk Jang, Sukjae Jang, Shou-En Zhu, Sung Hyun
Sim, Young Il Song, Byung Hee Hong, and Jong-Hyun Ahn. Wafer-scale syn-
thesis and transfer of graphene films. Nano Lett., 10:490-493, 2010.

A. Ismach, C. Druzgalski, S. Penwell, A. Schwartzberg, M. Zheng, A. Javey,
J. Bokor, and Y. Zhang. Direct chemical vapor deposition of graphene on
dielectric surfaces. Nano Lett., 10:1542-1548, 2010.

C.-Y. Su, A.-Y. Lu, C.-Y. Wu, Y.-T. Li, K.-K. Liu, W. Zhang, S.-Y. Lin, Z.-Y.
Juang, Y.-L. Zhong, F.-R. Chen, and L.-J. Li. Direct formation of wafer scale

graphene thin layers on insulating substrates by chemical vapor deposition.
Nano Lett., 11:3612-3616, 2011.



232

BIBLIOGRAPHY

[131]

[132]

[133]

[134]

[135]

[136]

[137)

138]

[139)

[140]

[141]
[142]

[143]

T. Kaplas, D. Sharma, and Y. Svirko. Few-layer graphene synthesis on a dielec-
tric substrate. Carbon, 50:1503 — 1509, 2012.

C.A. Howsare, X. Weng, V. Bojan, D. Snyder, and J.A. Robinson. Substrate
considerations for graphene synthesis on thin copper films. Nanotechnology, 23,
2012.

L. Tao, J. Lee, H. Chou, M. Holt, R. S. Ruoff, and D. Akinwande. Synthesis of
high quality monolayer graphene at reduced temperature on hydrogen-enriched
evaporated copper (111) films. ACS Nano, 6:2319-2325, 2012.

L. Tao, J. Lee, M. Holt, H. Chou, S.J. McDonnell, D.A. Ferrer, M.G. Babenco,
R.M. Wallace, S.K. Banerjee, R.S. Ruoff, and D. Akinwande. Uniform wafer-
scale chemical vapor deposition of graphene on evaporated Cu (111) film with
quality comparable to exfoliated monolayer. J. Phys. Chem. C, 116:24068—
24074, 2012.

Hiroki Ago, Kenji Kawahara, Yui Ogawa, Shota Tanoue, Mark A. Bissett,
Masaharu Tsuji, Hidetsugu Sakaguchi, Roland J. Koch, Felix Fromm, Thomas
Seyller, Katsuyoshi Komatsu, and Kazuhito Tsukagoshi. Epitaxial growth and
electronic properties of large hexagonal graphene domains on Cu(111) thin film.
Appl. Phys. Express, 6:075101, 2013.

David L. Miller, Mark W. Keller, Justin M. Shaw, Katherine P. Rice, Robert R.
Keller, and Kyle M. Diederichsen. Giant secondary grain growth in Cu films
on sapphire. AIP Adv., 3:082105, 2013.

Hiroki Ago, Yujiro Ohta, Hiroki Hibino, Daisuke Yoshimura, Rina Takizawa,
Yuki Uchida, Masaharu Tsuji, Toshihiro Okajima, Hisashi Mitani, and Seigi
Mizuno. Growth dynamics of single-layer graphene on epitaxial Cu surfaces.
Chem. Mater., 27:5377-5385, 2015.

Benjamin Huet and Jean-Pierre Raskin. Pressure-controlled chemical vapor
deposition of single-layer graphene with millimeter-size domains on thin copper
film. Chem. Mater., 29:3431-3440, 2017.

Alvin L. Lee, Li Tao, and Deji Akinwande. Suppression of copper thin film loss
during graphene synthesis. ACS Appl. Mat. Interfaces., 7:1527-1532, 2015.

Ken Verguts, Bart Vermeulen, Nandi Vrancken, Koen Schouteden, Chris
Van Haesendonck, Cedric Huyghebaert, Marc Heyns, Stefan De Gendt, and
Steven Brems. Epitaxial AlO3(0001)/Cu(111) template development for CVD
graphene growth. J. Phys. Chem. C, 120:297-304, 2016.

Carl.V. Thompson and Roland Carel. Texture development in polycrystalline
thin films. J. Mater. Sci. Eng. B, 32:211 — 219, 1995.

D.B. Knorr and D.P. Tracy. A review of microstructure in vapor deposited
copper thin films. Mater. Chem. Phys., 41:206 — 216, 1995.

Alfonso Reina, Hyungbin Son, Liying Jiao, Ben Fan, Mildred S. Dresselhaus,
ZhongFan Liu, and Jing Kong. Transferring and identification of single- and



BIBLIOGRAPHY 233

[144]

[145]

[146)

[147)

[148]

[149]

[150]

[151]

[152]

[153)

[154]

[155)

few-layer graphene on arbitrary substrates. J. Phys. Chem. C, 112:17741-17744,
2008.

Keun Soo Kim, Yue Zhao, Houk Jang, Sang Yoon Lee, Jong Min Kim, Kwang S.
Kim, Jong-Hyun Ahn, Philip Kim, Jae-Young Choi, and Byung Hee Hong.
Large-scale pattern growth of graphene films for stretchable transparent elec-
trodes. Nat. Lett., 457:706-710, 2009.

Ji Won Suk, Alexander Kitt, Carl W. Magnuson, Yufeng Hao, Samir Ahmed,
Jinho An, Anna K. Swan, Bennett B. Goldberg, and Rodney S. Ruoff. Trans-
fer of CVD-grown monolayer graphene onto arbitrary substrates. ACS Nano,
5:6916-6924, 2011.

Xuesong Li, Yanwu Zhu, Weiwei Cai, Mark Borysiak, Boyang Han, David Chen,
Richard D. Piner, Luigi Colombo, and Rodney S. Ruoff. Transfer of large-area
graphene films for high-performance transparent conductive electrodes. Nano
Lett., 9:4359-4363, 2009.

Feng Zhou, Zhiting Li, Ganesh J. Shenoy, Lei Li, and Haitao Liu. Enhanced
room-temperature corrosion of copper in the presence of graphene. ACS Nano,
7:6939-6947, 2013.

Maria Schriver, William Regan, Will J. Gannett, Anna M. Zaniewski, Mi-
chael F. Crommie, and Alex Zettl. Graphene as a long-term metal oxidation
barrier: Worse than nothing. ACS Nano, 7:5763-5768, 2013.

Leo Alvarez-Fraga, Juan Rubio-Zuazo, Félix Jiménez-Villacorta, Esteban
Climent-Pascual, Rafael Ramirez-Jiménez, Carlos Prieto, and Alicia de An-
drés. Oxidation mechanisms of copper under graphene: The role of oxygen
encapsulation. Chem. Mater., 29:3257-3264, 2017.

Jongweon Cho, Li Gao, Jifa Tian, Helin Cao, Wei Wu, Qingkai Yu, Esmer-
alda N. Yitamben, Brandon Fisher, Jeffrey R. Guest, Yong P. Chen, and
Nathan P. Guisinger. Atomic-scale investigation of graphene grown on cu foil
and the effects of thermal annealing. ACS Nano, 5(5):3607-3613, 2011.

A. M. Lewis, B. Derby, and I. A. Kinloch. Influence of gas phase equilibria on
the chemical vapor deposition of graphene. ACS Nano, 7:3104-3117, 2013.

X. H. Kong, H. X. Ji, R. D. Piner, H. F. Li, C. W. Magnuson, C. Tan, A. Ismach,
H. Chou, and R. S. Ruoff. Non-destructive and rapid evaluation of chemical
vapor deposition graphene by dark field optical microscopy. Applied Physics
Letters, 103(4):043119, 2013.

P. Blake, E. W. Hill, A. H. Castro Neto, K. S. Novoselov, D. Jiang, R. Yang,
T. J. Booth, and A. K. Geim. Making graphene visible. Appl. Phys. Lett.,
91:063124, 2007.

L.M. Malard, M.A. Pimenta, G. Dresselhaus, and M.S. Dresselhaus. Raman
spectroscopy in graphene. Phys. Rep., 473:51 — 87, 2009.

Andrea C. Ferrari and Denis M. Basko. Raman spectroscopy as a versatile tool
for studying the properties of graphene. Nat. Nano, 8:235-246, 2013.



234

BIBLIOGRAPHY

[156]

[157]

[158]

[159]

[160]

[161]

[162]

163)

[164]

[165)

[166)

167)

Y. Y. Wang, Z. H. Ni, Z. X. Shen, H. M. Wang, and Y. H. Wu. Interference
enhancement of raman signal of graphene. Appl. Phys. Lett., 92:043121, 2008.

Duhee Yoon, Hyerim Moon, Young-Woo Son, Jin Sik Choi, Bae Ho Park,
Young Hun Cha, Young Dong Kim, and Hyeonsik Cheong. Interference ef-
fect on raman spectrum of graphene on SiO2/Si. Phys. Rev. B, 80:125422,
2009.

A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi, M. Lazzeri, F. Mauri,
S. Piscanec, D. Jiang, K. S. Novoselov, S. Roth, and A. K. Geim. Raman
spectrum of graphene and graphene layers. Phys. Rev. Lett., 97:187401, 2006.

L. M. Malard, J. Nilsson, D. C. Elias, J. C. Brant, F. Plentz, E. S. Alves, A. H.
Castro Neto, and M. A. Pimenta. Probing the electronic structure of bilayer
graphene by raman scattering. Phys. Rev. B, 76:201401, 2007.

Kwanpyo Kim, Sinisa Coh, Liang Z. Tan, William Regan, Jong Min Yuk, Eric
Chatterjee, M. F. Crommie, Marvin L. Cohen, Steven G. Louie, and A. Zettl.
Raman spectroscopy study of rotated double-layer graphene: Misorientation-
angle dependence of electronic structure. Phys. Rev. Lett., 108:246103, 2012.

Robin W. Havener, Houlong Zhuang, Lola Brown, Richard G. Hennig, and
Jiwoong Park. Angle-resolved raman imaging of interlayer rotations and inter-
actions in twisted bilayer graphene. Nano Lett., 12:3162-3167, 2012.

Haiming Zhao, Yung-Chang Lin, Chao-Hui Yeh, He Tian, Yu-Chen Chen, Dan
Xie, Yi Yang, Kazu Suenaga, Tian-Ling Ren, and Po-Wen Chiu. Growth and
raman spectra of single-crystal trilayer graphene with different stacking orient-
ations. ACS Nano, 8:10766-10773, 2014.

Huy Q. Ta, David J. Perello, Dinh Loc Duong, Gang Hee Han, Sandeep Gor-
antla, Van Luan Nguyen, Alicja Bachmatiuk, Slava V. Rotkin, Young Hee Lee,
and Mark H. Rummeli. Stranski-krastanov and volmer-weber CVD growth
regimes to control the stacking order in bilayer graphene. Nano Lett., 16:6403—
6410, 2016.

Daniel R. Lenski and Michael S. Fuhrer. Raman and optical characterization of
multilayer turbostratic graphene grown via chemical vapor deposition. J. Appl.
Phys., 110:013720, 2011.

Ado Jorio. Raman spectroscopy in graphene-based systems: Prototypes for
nanoscience and nanometrology. ISRN Nanotechnology, 2012:16, 2012.

Mingyuan Huang, Hugen Yan, Changyao Chen, Daohua Song, Tony F. Heinz,
and James Hone. Phonon softening and crystallographic orientation of strained
graphene studied by raman spectroscopy. Proc. Natl. Acad. Sci., 106:7304-7308,
2009.

Ji Eun Lee, Gwanghyun Ahn, Jihye Shim, Young Sik Lee, and Sunmin Ryu.
Optical separation of mechanical strain from charge doping in graphene. Nat.
Com., 3, 2012.



BIBLIOGRAPHY 235

[168]

[169)

[170]

[171]

[172]

[173]

[174]

[175]

[176)

[177]

[178)

[179]

[180]

C. Neumann, S. Reichardt, P. Venezuela, M. Drogeler, L. Banszerus,
M. Schmitz, K. Watanabe, T. Taniguchi, F. Mauri, B. Beschoten, S. V. Rotkin,
and C. Stampfer. Raman spectroscopy as probe of nanometre-scale strain vari-
ations in graphene. Nature Communications, 6:8429, 2015.

Luca Banszerus, Michael Schmitz, Stephan Engels, Jan Dauber, Martin Oellers,
Federica Haupt, Kenji Watanabe, Takashi Taniguchi, Bernd Beschoten, and
Christoph Stampfer. Ultrahigh-mobility graphene devices from chemical vapor
deposition on reusable copper. Sci. Adv., 1, 2015.

Sara D. Costa, Ariete Righi, Cristiano Fantini, Yufeng Hao, Carl Magnuson,
Luigi Colombo, Rodney S. Ruoff, and Marcos A. Pimenta. Resonant raman
spectroscopy of graphene grown on copper substrates. Solid State Commun.,
152:1317 — 1320, 2012.

Otakar Frank, Jana Vejpravova, Vaclav Holy, Ladislav Kavan, and Martin Kal-
bac. Interaction between graphene and copper substrate: The role of lattice
orientation. Carbon, 68:440 — 451, 2014.

A.-Y. Lu, S.-Y. Wei, C.-Y. Wu, Y. Hernandez, T.-Y. Chen, T.-H. Liu, C.-W.
Pao, F.-R. Chen, L.-J. Li, and Z.-Y. Juang. Decoupling of CVD graphene by
controlled oxidation of recrystallized Cu. RSC Adv., 2:3008-3013, 2012.

Xiuli Yin, Yilei Li, Fen Ke, Chenfang Lin, Huabo Zhao, Lin Gan, Zhengtang
Luo, Ruguang Zhao, Tony F. Heinz, and Zonghai Hu. Evolution of the raman
spectrum of graphene grown on copper upon oxidation of the substrate. Nano
Res., 7:1613-1622, 2014.

Victor Yu, E Whiteway, Jesse Maassen, and M Hilke. Raman spectroscopy
of the internal strain of a graphene layer grown on copper tuned by chemical
vapor deposition. Phys. Rev. B, 84:205407, 2011.

Sara D. Costa, Johan Ek Weis, Otakar Frank, and Martin Kalbac. Temperature
and face dependent copper-graphene interactions. Carbon, 93:793 — 799, 2015.

Cameron J Shearer, Ashley D Slattery, Andrew J Stapleton, Joseph G Shapter,
and Christopher T' Gibson. Accurate thickness measurement of graphene. Na-
notechnology, 27:125704, 2016.

Jing Li, Dong Wang, and Li-Jun Wan. Unexpected functions of oxygen in
a chemical vapor deposition atmosphere to regulate graphene growth modes.
Chem. Commun., 51:15486-15489, 2015.

Bin Wang, Ming Huang, Li Tao, Sun Hwa Lee, A-Rang Jang, Bao-Wen Li,
Hyeon Suk Shin, Deji Akinwande, and Rodney S. Ruoff. Support-free trans-
fer of ultrasmooth graphene films facilitated by self-assembled monolayers for
electronic devices and patterns. ACS Nano, 10:1404-1410, 2016.

Alcock C. B., V. P. Itkin, and M. K. Horrigan. Vapour pressure equations for
the metallic elements: 298-2500K, 1984.

Ya-Ping Hsieh, Yi-Hung Chu, He-Guang Tsai, and Mario Hofmann. Reducing
the graphene grain density in three steps. Nanotechnology, 27, 2016.



236

BIBLIOGRAPHY

[181]

[182]

[183]

[184]

[185]

[186)

[187]

[188)

[189)]
[190]

[191]

[192]

193]

[194]

Ya-Ping Hsieh, Ching-Hua Shih, Yi-Jing Chiu, and Mario Hofmann. High-
throughput graphene synthesis in gapless stacks. Chem. Mater., 28:40-43, 2016.
Seong-Yong Cho, Ki-Ju Kim, Hyun-Mi Kim, Do-Joong Lee, Min-Hyun Lee, and
Ki-Bum Kim. Gas transport controlled synthesis of graphene by employing a
micro-meter scale gap jig. RSC Adv., 3:26376-26381, 2013.

Kiran M. Subhedar, Indu Sharma, and Sanjay R. Dhakate. Control of layer
stacking in CVD graphene under quasi-static condition. Phys. Chem. Chem.
Phys., 17:22304-22310, 2015.

Lester F. Lampert, Roman Caudillo, Thomas Lindner, and Jun Jiao. C-plane
sapphire and catalyst confinement enable wafer-scale high-quality graphene
growth. J. Phys. Chem. C, 120:26498-26507, 2016.

Wenjing Fang, Allen L. Hsu, Yi Song, Anthony G. Birdwell, Matin Amani,
Madan Dubey, Mildred S. Dresselhaus, Tomés Palacios, and Jing Kong. Asym-
metric growth of bilayer graphene on copper enclosures using low-pressure
chemical vapor deposition. ACS Nano, 8:6491-6499, 2014.

Yimin A. Wu, Alex W. Robertson, Franziska Schéffel, Susannah C. Speller, and
Jamie H. Warner. Aligned rectangular few-layer graphene domains on copper
surfaces. Chem. Mater., 23:4543-4547, 2011.

X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni,
I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo, and R. S. Ruoff. Large-area
synthesis of high-quality and uniform graphene films on copper foils. Science,
324:1312-1314, 2009.

Carl W. Magnuson, Xianghua Kong, Hengxing Ji, Cheng Tan, Huifeng Li,
Richard Piner, Carl A. Ventrice, and Rodney S. Ruoff. Copper oxide as a
self-cleaning substrate for graphene growth. J. Mater. Res., 29:403—409, 2014.

J.R. Davis and A.S.M.I.LH. Committee. Copper and Copper Alloys. ASM spe-
cialty handbook. ASM International, 2001.

Jr. Louthan, M.R. Hydrogen embrittlement of metals: A primer for the failure
analyst. Journal of Failure Analysis and Prevention, 8:289-307, 2008.

Tu Hu, Qiming Zhang, Jack C. Wells, Xingao Gong, and Zhenyu Zhang. A
comparative first-principles study of the adsorption of a carbon atom on copper
and nickel surfaces. Phys. Lett. A, 374:4563 — 4567, 2010.

Grzegorz Gajewski and Chun-Wei Pao. Ab initio calculations of the reaction
pathways for methane decomposition over the Cu(111) surface. J. Chem. Phys.,
135, 2011.

Da Hee Jung, Cheong Kang, Ji Eun Nam, Heekyung Jeong, and Jin Seok Lee.
Surface diffusion directed growth of anisotropic graphene domains on different
copper lattices. Sci Rep., 6, 2016.

Zachary R. Robinson, Parul Tyagi, Tyler R. Mowll, Carl A. Ventrice, and

James B. Hannon. Argon-assisted growth of epitaxial graphene on Cu(111).
Phys. Rev. B, 86:235413, 2012.



BIBLIOGRAPHY 237

[195]

[196]

(197]

198]

[199)

200]

[201]

[202]
[203]

[204]

205

Anshu Singhal, Mrinal R. Pai, Rekha Rao, Kodanthakurup T. Pillai, Ingo
Lieberwirth, and Avesh K. Tyagi. Copper(I) oxide nanocrystals - one step syn-
thesis, characterization, formation mechanism, and photocatalytic properties.
FEur. J. Inorg. Chem., 2013:2640-2651, 2013.

Da Luo, Xueqiu You, Bao-Wen Li, Xianjue Chen, Hyo Ju Park, Minbok Jung,
Taeg Yeoung Ko, Kester Wong, Masood Yousaf, Xiong Chen, Ming Huang,
Sun Hwa Lee, Zonghoon Lee, Hyung-Joon Shin, Sunmin Ryu, Sang Kyu Kwalk,
Noejung Park, Revathi R. Bacsa, Wolfgang Bacsa, and Rodney S. Ruoff. Role
of graphene in water-assisted oxidation of copper in relation to dry transfer of
graphene. Chem. Mater., 29:4546-4556, 2017.

Min-Chiang Chuang and Wei-Yen Woon. Nucleation and growth dynamics of
graphene on oxygen exposed copper substrate. Carbon, 103:384 — 390, 2016.

Jinbo Pang, Alicja Bachmatiuk, Lei Fu, Chenglin Yan, Mengqi Zeng, Jiao
Wang, Barbara Trzebicka, Thomas Gemming, Juergen Eckert, and Mark H.
Rummeli. Oxidation as a means to remove surface contaminants on Cu foil
prior to graphene growth by chemical vapor deposition. J. Phys. Chem. C,
119:13363-13368, 2015.

Ren-Jie Chang, Chia-Hao Lee, Min-Ken Lee, Chun-Wei Chen, and Cheng-Yen
Wen. Effects of surface oxidation of Cu substrates on the growth kinetics of
graphene by chemical vapor deposition. Nanoscale, 9:2324-2329, 2017.

Konstantin V. Emtsev, Aaron Bostwick, Karsten Horn, Johannes Jobst, Gary L.
Kellogg, Lothar Ley, Jessica L. McChesney, Taisuke Ohta, Sergey A. Reshanov,
Jonas Rohrl, Eli Rotenberg, Andreas K. Schmid, Daniel Waldmann, Heiko B.
Weber, and Thomas Seyller. Towards wafer-size graphene layers by atmospheric
pressure graphitization of silicon carbide. Nat. Mater., 8:203-207, 2009.

J. P. Neumann, T. Zhong, and Y. A. Chang. The Cu-O (copper-oxygen) system.
Bulletin of Alloy Phase Diagrams, 5:136-140, 1984.

J. Russell and R. Cohn. Ellingham Diagram. Book on Demand, 2012.

Baoshan Hu, Yan Jin, Dongjie Guan, Zhengtang Luo, Bo Shang, Qianrui
Fang, and Haibo Ruan. H2-dependent carbon dissolution and diffusion-out
in graphene chemical vapor deposition growth. J. Phys. Chem. C, 119:24124—
24131, 2015.

Irfan H. Abidi, Yuanyue Liu, Jie Pan, Abhishek Tyagi, Minghao Zhuang,
Qicheng Zhang, Aldrine A. Cagang, Lu-Tao Weng, Ping Sheng, William A.
Goddard, and Zhengtang Luo. Regulating top-surface multilayer/single-crystal
graphene growth by "gettering" carbon diffusion at backside of the copper foil.
Adv. Funct. Mater., 27:1700121, 2017.

Phi H.Q. Pham, Weiwei Zhou, Nhi V. Quach, Jinfeng Li, Jian-Guo Zheng, and
Peter J. Burke. Controlling nucleation density while simultaneously promot-
ing edge growth using oxygen-assisted fast synthesis of isolated large-domain
graphene. Chem. Mater., 28:6511-6519, 2016.



238

BIBLIOGRAPHY

206]

207]

208]

209]

[210]

[211]

[212]

[213]

[214]

[215)

[216]

Yufeng Hao, Lei Wang, Yuanyue Liu, Hua Chen, Xiaohan Wang, Cheng Tan,
Shu Nie, Ji Won Suk, Tengfei Jiang, Tengfei Liang, Junfeng Xiao, Wenjing Ye,
Cory R. Dean, Boris I. Yakobson, Kevin F. McCarty, Philip Kim, James Hone,
Luigi Colombo, and Rodney S. Ruoff. Oxygen-activated growth and bandgap
tunability of large single-crystal bilayer graphene. Nat. Nano, 11:426-431, 2016.

Yuichiro Takesaki, Kenji Kawahara, Hiroki Hibino, Susumu Okada, Masaharu
Tsuji, and Hiroki Ago. Highly uniform bilayer graphene on epitaxial Cu-Ni(111)
alloy. Chem. Mater., 28:4583-4592, 2016.

Yenan Song, Jianing Zhuang, Meng Song, Shaogian Yin, Yu Cheng, Xuewei
Zhang, Miao Wang, Rong Xiang, Yang Xia, Shigeo Maruyama, Pei Zhao, Feng
Ding, and Hongtao Wang. Epitaxial nucleation of CVD bilayer graphene on
copper. Nanoscale, 8:20001-20007, 2016.

Thorsten Hesjedal. Continuous roll-to-roll growth of graphene films by chemical
vapor deposition. Appl. Phys. Lett., 98, 2011.

Toshiyuki Kobayashi, Masashi Bando, Nozomi Kimura, Keisuke Shimizu, Koji
Kadono, Nobuhiko Umezu, Kazuhiko Miyahara, Shinji Hayazaki, Sae Nagali,
Yukiko Mizuguchi, Yosuke Murakami, and Daisuke Hobara. Production of a
100-m-long high-quality graphene transparent conductive film by roll-to-roll
chemical vapor deposition and transfer process. Appl. Phys. Lett., 102, 2013.

Erik S. Polsen, Daniel Q. McNerny, B. Viswanath, Sebastian W. Pattinson,
and A. John Hart. High-speed roll-to-roll manufacturing of graphene using a
concentric tube CVD reactor. Sci. Rep., 5, 2015.

Guofang Zhong, Xingyi Wu, Lorenzo D’Arsie, Kenneth B. K. Teo, Nalin L.
Rupesinghe, Alex Jouvray, and John Robertson. Growth of continuous
graphene by open roll-to-roll chemical vapor deposition. Appl. Phys. Lett.,
109, 2016.

S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J. Balakrishnan, T. Lei,
H. Ri Kim, Y. I. Song, Y.-J. Kim, K. S. Kim, B. Ozyilmaz, J.-H. Ahn, B. H.
Hong, and S. Iijima. Roll-to-roll production of 30-inch graphene films for trans-
parent electrodes. Nat. Nanotechnol. Lett., 5:574-578, 2010.

Taeshik Yoon, Woo Cheol Shin, Taek Yong Kim, Jeong Hun Mun, Taek-Soo
Kim, and Byung Jin Cho. Direct measurement of adhesion energy of monolayer
graphene as-grown on copper and its application to renewable transfer process.
Nano Lett., 12:1448-1452, 2012.

T Uwanno, Y Hattori, T Taniguchi, K Watanabe, and K Nagashio. Fully dry
pmma transfer of graphene on h -bn using a heating/cooling system. 2D Mater.,
2:041002, 2015.

Luca Banszerus, Michael Schmitz, Stephan Engels, Matthias Goldsche, Kenji
Watanabe, Takashi Taniguchi, Bernd Beschoten, and Christoph Stampfer. Bal-
listic transport exceeding 28 um in CVD grown graphene. Nano Lett., 16:1387—
1391, 2016.



BIBLIOGRAPHY 239

[217]

[218]

[219]

[220]

[221]

[222]

[223]
[224]

[225]

[226]

[227]

[228]

Viktoryia Shautsova, Adam M. Gilbertson, Nicola C. G. Black, Stefan A. Maier,
and Lesley F. Cohen. Hexagonal boron nitride assisted transfer and encapsu-
lation of large area CVD graphene. Sci. Rep., 6, 2016.

Filippo Pizzocchero, Lene Gammelgaard, Bjarke S. Jessen, José M. Caridad,
Lei Wang, James Hone, Peter Bgggild, and Timothy J. Booth. The hot pick-up
technique for batch assembly of van der waals heterostructures. Nat. Comm.,
7, 2016.

Ruizhe Wu, Lin Gan, Xuewu Ou, Qicheng Zhang, and Zhengtang Luo. Detach-
ing graphene from copper substrate by oxidation-assisted water intercalation.
Carbon, 98:138 — 143, 2016.

Kester Wong, Seok Ju Kang, Christopher W. Bielawski, Rodney S. Ruoff, and
Sang Kyu Kwak. First-principles study of the role of o2 and hzo in the decoup-
ling of graphene on Cu(111). J. Am. Chem. Soc., 138:10986-10994, 2016.

Xu Du, Ivan Skachko, Anthony Barker, and Eva Y. Andrei. Approaching
ballistic transport in suspended graphene. Nat. Nano., 3:491-495, 2008.

Jack Chan, Archana Venugopal, Adam Pirkle, Stephen McDonnell, David Hino-
jos, Carl W. Magnuson, Rodney S. Ruoff, Luigi Colombo, Robert M. Wallace,
and Eric M. Vogel. Reducing extrinsic performance-limiting factors in graphene
grown by chemical vapor deposition. ACS Nano, 6:3224-3229, 2012.

M.I Katsnelson and A.K Geim. Electron scattering on microscopic corrugations
in graphene. Philos. Trans. R. Soc., A, 366:195-204, 2008.

Chun Hung Lui, Li Liu, Kin Fai Mak, George W. Flynn, and Tony F. Heinz.
Ultraflat graphene. Nat. Lett., 462:339-341, 2009.

K. I. Bolotin, K. J. Sikes, J. Hone, H. L. Stormer, and P. Kim. Temperature-
dependent transport in suspended graphene. Phys. Rev. Lett., 101:096802,
2008.

Eduardo V. Castro, H. Ochoa, M. I. Katsnelson, R. V. Gorbachev, D. C. Elias,
K. S. Novoselov, A. K. Geim, and F. Guinea. Limits on charge carrier mobility
in suspended graphene due to flexural phonons. Phys. Rev. Lett., 105:266601,
2010.

Qing Hua Wang, Zhong Jin, Ki Kang Kim, Andrew J. Hilmer, Geraldine
L. C. Paulus, Chih-Jen Shih, Moon-Ho Ham, Javier D. Sanchez-Yamagishi,
Kenji Watanabe, Takashi Taniguchi, Jing Kong, Pablo Jarillo-Herrero, and Mi-
chael S. Strano. Understanding and controlling the substrate effect on graphene
electron-transfer chemistry via reactivity imprint lithography. Nat. Chem.,
4:724-732, 2012.

Sylvain Martin, Sayanti Samaddar, Benjamin Sacépé, Amina Kimouche, Jo-
hann Coraux, F. Fuchs, B. Grévin, Hervé Courtois, and Clemens Winkelmann.
Disorder and screening in decoupled graphene on a metallic substrate. Phys.
Rev. B: Condens. Matter Mater. Phys., 91:041406(R), 2015.



240 BIBLIOGRAPHY

[229] Nuno J. G. Couto, Davide Costanzo, Stephan Engels, Dong-Keun Ki, Kenji
Watanabe, Takashi Taniguchi, Christoph Stampfer, Francisco Guinea, and Al-
berto F. Morpurgo. Random strain fluctuations as dominant disorder source
for high-quality on-substrate graphene devices. Phys. Rev. X, 4:041019, 2014.



