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Producing ultra-flat crack-free single-layer high-quality graphene over large areas has remained the key
challenge to fully exploit graphene’s potential into next-generation technological applications. In this
regard, we show that epitaxial Cu(111) film represents the most promising catalyst for the chemical vapor
deposition (CVD) of graphene with superior planarity and physical integrity. We first compare the most
widely used Cu catalysts (foils, polycrystalline films and epitaxial films) in order to benchmark the rough-
ness of the Cu surface which serves as a template for graphene growth. We then discuss the correlation
between the formation of cracks and wrinkles in as-grown graphene and the surface morphology of
these various Cu catalysts. In particular, Cu grain boundary grooves, inherently present in polycrystalline
substrates, are found to contribute to the formation of cracks. Finally, we focused on tuning the CVD pro-
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type of catalyst while mitigating Cu surface roughening. Putting into context the challenges and opportu-
nities associated with the most widely used Cu catalysts provides valuable guidelines for high-throughput
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1 Introduction

Due to its unique combination of excellent physical properties,
graphene is envisioned to play a central role in a wide range of
technological applications including high-frequency and flex-
ible electronics,' solar cells,” organic light-emitting diodes,’
and sensors.® Unfortunately, despite the relentless research
efforts mobilized by the scientific community to improve gra-
phene synthesis and processing, high performance graphene-
based practical applications are not close to industrialization
yet.>® The chemical vapor deposition (CVD) of graphene on
metals represents the most industrially viable production
method as it yields continuous single- and few-layer graphene
over extended surface areas at a relatively low cost.”® CVD-
grown graphene has already been successfully employed as
top-gate for solar cells,” anti-corrosion and anti-scratch coat-
ings,"”"" and incorporated into basic flexible touch screens.'?
However, in order to fully exploit graphene’s potential once
integrated into micro- and nano-scale devices, the require-
ments are more stringent and four major aspects have to be
considered: (i) a strict control over the number of layers, (ii) a
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high structural quality, (iii) the absence of cracks and wrinkles,
and (iv) a planar geometry.

Due to its low carbon solubility (~7 ppm at 1050 °C) and its
low catalytic activity, Cu remains the preferred catalytic
material for growing graphene films with a thickness limited
to a few layers."> Moreover, the weak Cu-graphene interaction
is suitable for clean graphene transfer methods based on
peeling rather than catalyst etching.'* Over the last few years,
improving the structural quality of the polycrystalline CVD-
grown graphene has become key topic of CVD research. In
addition to controlling the domain shape and orientation, a
particular attention has been given to decreasing the density
of graphene nuclei so that they can expand and become large
single-crystalline domains before merging into a continuous
graphene sheet.">™® Although different research groups
reported the synthesis of graphene of millimeter- and even
centimeter-scale graphene single crystals on Cu foils,"*" it
has however been recently discovered that decreasing the
nucleation site density also promotes the formation of unde-
sired ad-layers.”*?** This downside stems from the fact that, C
based active species produced through methane adsorption on
Cu foil backside, can diffuse through the Cu foil thickness and
contribute to the growth of graphene on the Cu topside under-
neath the first growing graphene domain. On the other hand,
crack, wrinkles and local stress are inherently present on as-
grown graphene due to the high temperature required for the
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CVD process and thermal expansion mismatch between gra-
phene and its substrate.>**> Finally, given that graphene
growth follows the catalyst surface morphology, it is essential
to employ a flat synthesis substrate in order to prevent the for-
mation of additional wrinkles, cracks and local stress in the
graphene sheet once transferred.”®*’

Growing graphene on a thin Cu film pre-deposited on a flat
and rigid substrate instead of commonly used Cu foils appears
as a promising way to concomitantly tackle the four aforemen-
tioned aspects. Indeed, Cu film surface does not require any
cumbersome polishing treatment to exhibit a relatively good
planarity and offers a better control over the number of layers
as the methane catalysis is constricted to the Cu film top
surface. Up to now, graphene has been obtained using
Cu films pre-deposited on mica cite,”® Si0,/Si,>>° fused
quartz,>'??* MgO,**** spinel,® and sapphire®®?” substrates.
Unfortunately, the quasi-2D nature of the Cu film makes it
more prone to degradation upon the high-temperature CVD
process and hence makes it more difficult to produce large
compact graphene single-crystalline domains.

In this work, we demonstrate that C-plane sapphire coated
with a Cu film is an ideal platform to synthesize ultra-flat
millimeter-size graphene domains free from cracks and pos-
sessing very shallow wrinkles. First, we put into context the
relative surface roughness that can be obtained with the most
widely employed Cu catalysts for the chemical vapor depo-
sition of graphene including Cu foils, polycrystalline and epi-
taxial Cu films. This comparison thus provides a unified view
of what can be expected in terms of graphene planarity when
using Cu based catalytic substrates. By comparing the various
catalytic platforms, we then show that the Cu surface mor-
phology plays a critical role in the formation of wrinkles and
cracks in as-grown graphene upon the cooling down of the
CVD furnace. Particular emphasis is placed on epitaxial Cu
films which yield superior graphene results in terms of planar-
ity and integrity. Our experimental results suggest that expos-
ing the Cu film to oxygen at high temperature prior to gra-
phene growth promotes the formation of a low density of
nucleation sites which is essential to produce large single-crys-
tals of graphene but also negatively impacts the Cu surface
morphology. Therefore, we focus on tailoring the CVD protocol
conditions in order to produce large single-crystals of gra-
phene while mitigating the Cu surface roughening. This work
thereby enriches the general understanding of the challenges
and opportunities regarding graphene production capabilities,
which is of great importance to foster the emergence of gra-
phene-based applications.

2 Results and discussion
Cu substrate surface roughness

To gain insight into the planarity of graphene that can be
obtained using the most widely employed catalytic substrates,
we systematically compared the surface roughness of commer-
cial Cu foils and Cu films evaporated on both fused quartz
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and C-plane sapphire wafers. The Cu surface morphology
measurements were studied by contact profilometry and
atomic force microscopy (AFM). Fig. 1a outlines the Cu surface
morphology obtained with the various substrates before and
after different treatments. Cu foils typically exhibit a large
surface roughness due to the presence of striations resulting
from the cold-rolling manufacturing process (see Fig. 1c).
Surface features and singularities can be attenuated during the
CVD protocol when using a long-duration high-temperature
Cu annealing step under ambient or superior pressure con-
ditions prior to graphene growth.*® *° The Cu evaporation and
re-deposition process taking place when maintaining the Cu
foil at 1050 °C for 6 hours helps smoothening the micro-scale
Cu surface features but does not effectively remove the few
microns-high ridges (see ESI section S1f for profilometer
scans and images). Polishing the Cu foil prior to loading it
into the CVD furnace has been demonstrated to efficiently sup-
press the cold-rolling striations.*"** Cu foil chemical-mechani-
cal polishing (CMP) tends to leave submicrometer-scale
scratches on the surface which rapidly vanish during the CVD
protocol and lead to an improved surface morphology as
shown in Fig. 1d. Cu foil surface morphology can also be
improved using an electropolishing process but this technique
requires a particular setup and is more complicated to
implement.*’ Regardless of the polishing method and the
roughness level achieved prior to the CVD process, the Cu foil
surface morphology strongly declines upon the high tempera-
ture CVD thermal treatment. Cu grains and grain boundary
grooves, which can reach a depth of a few micrometers, rep-
resent the main contributor to the high surface roughness
measured on Cu foils.

Using Cu film deposited on flat and smooth substrates rep-
resents an interesting alternative to widely used Cu foils.
When deposited at room temperature, Cu films are composed
of crystallites with a lateral size in the 40-100 nm range and
exhibit a surface roughness ranging from 1.3 to 3.8 nm (see
ESI section S2t). Similarly to Cu foils, upon the CVD process,
the microstructure of Cu films pre-deposited on amorphous
SiO, (as it is the case for plain fused quartz or thermally oxi-
dized silicon wafers) evolves to form micrometer-size Cu
grains. The lateral size of Cu grains as well as the density and
depths of Cu grain boundary grooves vary with the Cu film
thickness as shown in Fig. 1e and f. Fig. 1la presents the
surface roughness measured on Cu films with thicknesses of
800, 1600, 2400, and 4800 nm that have undergone a CVD
process consisting of a 1 hour-long heating step and a 90 min-
long high temperature graphene growth step (at 1050 °C)
before cooling down to room temperature. 800 nm-thick Cu
films feature Cu grains with a lateral size ranging from 2 to
60 pm while 4800 nm-thick films have grains that can reach a
few hundreds of micrometers. Although extending the
exposure to high temperature gives more time for Cu atoms
self-diffusion and Cu grain boundary migration, and thus
tends to promote the growth of Cu grains, their sizes rapidly
stagnate after being kept at 1050 °C for a few minutes. Optical
microscopy images in Fig. le and f thus represent a good
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Fig. 1 (a) General overview of Cu surface (arithmetic average) roughness that can be obtained with Cu foils (red), Cu films on amorphous substrate
(blue) and epitaxial films on C-plane sapphire. The error bars indicate the deviation of the roughness measured in at least 5 different locations on
each sample. (b) Photograph of the most widely used Cu catalyst after the growth of graphene. (c—f) Optical microscope images of graphene
domains (GDs) grown for 90 min at 1050 °C on (c) as-received and (d) polished Cu foils, and (e) 800 nm-thick and (f) 2400 nm-thick Cu films pre-

deposited on a fused quartz wafer.

insight of the maximum lateral size of Cu grain that can be
obtained for these thicknesses. Due to the small lattice mis-
match between C-plane sapphire surface (Al,03(1000)) and
Cu(111), Cu films deposited on C-plane sapphire feature Cu
grains that expand over several centimeters or even at the
wafer-scale after being heated up to 1050 °C. Methods to
improve the epitaxial relation between Cu and the underlying
C-plane sapphire substrate have been discussed elsewhere.**™°
The quasi absence of Cu grain boundary groove gives the Cu
surface a superior morphology and a mirror-like visual appear-
ance as shown in Fig. 1a and b, respectively. The epitaxial Cu
surface roughness increase induced by the CVD process is
further discussed in the next sections.

The surface roughness of the Cu substrate also impacts the
physical integrity of graphene once transferred on a smooth
and flat device-compatible substrate. Upon the transfer
process, graphene is usually coupled with a mechanical
support such as PMMA, thermal release tape or PDMS. This
mechanical support acts as a rigid mold which maintains gra-
phene’s planar aspect after the Cu catalyst etching and the
deposition on top of the final substrate. Once graphene is
released from its mechanical support, it tends to conform to
the underlying substrate. The difference between the actual
graphene sheet surface area (which is closely related to the
actual Cu surface area) and the projected surface area is
directly correlated with the amount of wrinkles, cracks and
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strain that will be generated into the graphene sheet. This
difference is non significant for epitaxial Cu film (<0.005%),
can reach a few percents for polycrystalline thin Cu films, and
can even exceed 5% for Cu foils (see ESI section S1t). Owing to
its low surface area difference, epitaxial Cu films therefore con-
stitute top candidates as catalysts when attempting to make
the most of graphene once embedded in practical devices.

As-grown graphene structural integrity

Cu substrate surface morphology does not only impact gra-
phene planarity and its tendency to form wrinkles once trans-
ferred onto device-compatible substrates. In fact, it is found
here that Cu surface morphology is one of the principal cause
for the formation of wrinkles and cracks upon the final stage
of the CVD process. These one-dimensional defects are known
to negatively impact graphene’s physical properties and must
be avoided in order to achieve improved reliability, reproduci-
bility and performance when fabricating graphene-based
devices.””*® As shown in Fig. 2, various types of substrate
result in markedly different graphene physical integrity, par-
ticularly with regards to the size, shape, density and location
of wrinkles and cracks. Scanning electron microscopy (SEM)
images have been acquired using in-lens (I-L) and regular
Everhart-Thornley (E-T) secondary electron detectors in order
to observe graphene’s physical integrity (Fig. 2, first column)
and the underlying Cu surface morphology (Fig. 2, second
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Fig. 2 Scanning electron microscopy images performed on Cu foils (top panel), polycrystalline Cu films (middle panel) and epitaxial Cu film
(bottom panel). In-lens (first column) and regular E-T secondary electron (second column) SEM images taken in the same region to visualize gra-
phene integrity and the underlying Cu surface morphology, respectively. Solid black arrows in in-lens images indicate the presence of cracks in gra-
phene. Third column: Electron backscatter diffraction (EBSD) measurements taken on Cu foils, polycrystalline Cu films and epitaxial Cu film. Red,
green and blue colors in the EBSD maps correspond to Cu(100), Cu(101), and Cu(111), respectively.

column), respectively. Electron backscattering diffraction
(EBSD) measurements have also been performed to assess the
Cu surface crystallographic orientation for each type of sub-
strate as shown in the third column of Fig. 2.

Wrinkles typically form and build-up in the graphene sheet
as it cools from the growth temperature down to room temp-
erature (AT = 1050 °C-20 °C) due to compressive strain result-
ing from different thermal expansion -coefficient (TEC)
between graphene and the underlying substrate.>* Although
the scientific community agrees on the negative polarity of gra-
phene’s TEC (ag), its temperature dependency and room-
temperature value are still under debate.**>' In the tempera-
ture range of interest, that is, in the 20-1050 °C range, it can
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be safely assumed that ag, spans from —8 to =1 x 107° K™*. In
contrast, Cu has a positive TEC (ac,) which is about 16.7 x
107° K" at room temperature and can reach 19.8 x 107® K" at
900 °C.>*** On Cu foils, upon the furnace cooling down, the
thermal coefficient mismatch gradually generates an in-plane
compressive strain & &% AT(ag — acy) in graphene which can
reach about 2%. Propagation of cracks in a certain direction is
usually indicative of the presence of a tensile stress applied
perpendicularly to the material.>* While it is clear that wrin-
kles originate from the relaxation of the strong compressive
strain in graphene, the fundamental mechanisms responsible
for the formation of cracks during the CVD process are not
well understood yet.>*>

This journal is © The Royal Society of Chemistry 2018
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The cracks observed in graphene grown on Cu foils can be
sorted out in three categories depending on their location and
the nature of their formation. The first category concerns the
inevitable cracks that propagate across the Cu grain boundary
grooves (white lines, Fig. 2, top panel). These cracks, character-
ized by the ~45° angle they form with the Cu grain bound-
aries, have been attributed to the shear stress present at the
junction between adjacent Cu grains.>® The presence of these
kind of cracks can be mitigated by decreasing the density of
Cu grain boundary grooves via an increase of the Cu grain size.
The second category involves the cracks that develop into a rec-
tilinear pattern within a given Cu grain and that cross gra-
phene wrinkles perpendicularly (see ESI section S3t for
additional SEM images).

Cracks from the same Cu grain are aligned in the same
direction and those which spread over two adjacent Cu grains
tend to change direction when crossing the Cu grain bound-
ary. These are mostly found near the periphery of the Cu
sample and are believed to be due to the deformation of the
Cu foil upon cooling (see photograph in ESI section S3t). The
edges of the Cu foil are more free to deform and tend to bend
upward during the cooling down step of the CVD process
(especially at T < 400 °C). This Cu foil macroscopic defor-
mation can locally lead to an additional stress in the graphene
film and results in cracks spreading over tens or hundreds of
micrometers. The limited degree of freedom of the Cu foil
central region, due to its closer contact with the support, more
rarely contains these kinds of cracks. On the other hand, a pro-
longed exposure to high temperature tends to soften the Cu
foil, improve its contact with the underlying quartz substrate
used as a support, and cause the Cu foil to stick. If the Cu foil/
support coupling is strong, the thermal dilatation of the
support will contribute to the stress building up in graphene
upon cooling and create cracks and wrinkles (see SEM images
in ESI section S37). It is therefore essential to maintain a
proper balance between the exposure to high temperature and
the ability of the foil to soften/bend which is mainly dictated
by its thickness. The third kind of crack observed on graphene
grown on Cu foils is caused by an indelicate handling of the
Cu foil. They are readily recognizable as they spread over hun-
dreds of micrometers, follow a clear pattern and are closely
packed next to each other. Moreover, the presence of Cu grain
boundaries has rather little or no effect on the pattern of these
man-made cracks. The flexible nature of Cu foils makes gra-
phene more prone to undergo extra deformation and stress,
thus making it more challenging to study the formation of
cracks and wrinkles.

In contrast, Cu films deposited on rigid substrates (includ-
ing fused quartz, thermally oxidized Si and sapphire wafers)
are more robust to bending and folding than Cu foils and can
thus easily go through handling and graphene post-processing
without any damage. Nevertheless, graphene grown on poly-
crystalline Cu films also contains cracks as shown in Fig. 2
(middle panel). In this case however, the vast majority of the
cracks spread in a parallel fashion relatively to Cu grain
boundary grooves and occasionally propagate over Cu grain in
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the shape of a lightning bolt. It can also be observed that gra-
phene grown on Cu/quartz has rather shallow or no wrinkles.
More SEM images of graphene grown on Cu film are available
in ESI section S4.f When grown on epitaxial Cu films, gra-
phene does not exhibit any cracks at all and has very shallow
wrinkles that can only be seen using high magnification SEM
imaging (see Fig. 2, bottom panel and ESI section S4f). The
quasi-absence of wrinkles in graphene grown on epitaxial Cu
films on sapphire has been recently observed and attributed to
the relatively small in-plane thermal expansion of the Cu(111)
thin film and relatively strong graphene/Cu(111) interfacial
coupling compared to Cu(110) and Cu(100) orientations.’®>’
Our experimental results however suggest that the formation
mechanisms of wrinkles and cracks are more complex than
simply considering copper/graphene surface adhesion and
thermal expansion mismatch.

On epitaxial and polycrystalline Cu films, the compressive
strain in graphene is primarily governed by the thermal expan-
sion of the C-plane sapphire and fused quartz wafers, respect-
ively.>® Indeed, upon cooling down, the 500 pm-thick quartz or
sapphire substrates undergo thermal deformation which
results in stress and strain in the thin Cu film deposited on its
top.”® C-plane sapphire has a thermal coefficient (parallel to
the surface) varying from +6.6 to +9.0 x 10~® K~ when the
temperature is increased from room temperature to 1000 °C.*°
On the other hand, in the 25-1050° C temperature range,
fused quartz has a thermal coefficient varying between +4.0
and +6.0 x 107° K *.°" By simply considering the TEC of the
various substrates, graphene would be expected to undergo a
relatively high level of deformation when grown on bulk Cu
foils, an intermediate level of deformation when grown on Cu/
sapphire and, a relatively low level of deformation when grown
on Cu/quartz. On the other hand, graphene’s ability for in-
plane slipping and out-of-plane buckling depends on the crys-
tallographic orientation of the underlying Cu surface as
Cu(111), Cu(110) and Cu(100) have different compactness,
surface energy, thermal dilatation coefficient and interaction
with graphene.’®®>% It is thus expected that the graphene’s
structural integrity varies from one Cu grain to another, par-
ticularly in the case of Cu foils which is composed of a patch-
work with a wide variety of Cu surface crystallographic orien-
tations (see Fig. 2, third column). Finally, it is also very likely
that there exists an interplay between the formation of wrin-
kles and the formation of cracks. Indeed, wrinkles can disrupt
the pinning of graphene on the underlying surface, generate
an inhomogeneous stress field, and eventually cause tensile
stress localization leading to graphene cracking. These various
considerations however fall short in explaining the shape, size
and extent of wrinkles and cracks observed on the surface of
the various substrates.

Our experimental observations suggest Cu surface mor-
phology also plays a critical role in the formation of cracks and
wrinkles. It is believed that the presence of Cu surface features
such as Cu grain boundary grooves leads to a non uniform
adhesion of graphene on the surface which thus induces
strain/stress localization. Instead of having a uniform equi-

Nanoscale


http://dx.doi.org/10.1039/c8nr06817h

Published on 12 November 2018. Downloaded by Pennsylvania State University on 11/26/2018 1:47:50 PM.

Paper

biaxial strain over the entire graphene sheet, strong localized
strain is present in the vicinity of Cu grain boundaries that are
characterized by steep step-terrace Cu surface structures on
which graphene cannot maintain its pinning. Moreover, par-
ticularly in the case of the Cu/quartz stack, it is very likely that
the Cu microstructure and surface morphology further evolve
during the CVD process cooling step. Indeed, upon cooling
and dilatation of the Cu/quartz stack, only a low stress can be
sustained in the Cu film (see ESI section S5t for the residual
stress calculation based on Stoney’s formula). In order to
accommodate the dilatation of the thick quartz substrate, the
Cu film tends to creep.®*®® This plastic deformation can take
place through dislocation glide (temperature <100 °C) or Cu
grain boundary diffusion (temperature >300 °C). The stress
relaxation occurring in the Cu film in the vicinity of the Cu
grain boundaries can thus be detrimental to graphene’s physi-
cal integrity and provokes very localized cracks. Due to the
presence of a relatively high density of cracks, the compressive
stress present in graphene can be released and cannot
accumulate over extended surface areas, thus leading to the
quasi absence of wrinkles. In the case of epitaxial Cu films,
the relatively strong graphene/Cu(111) coupling and then
absence of Cu grain boundary grooves lead to a relatively
uniform strain field in graphene and, therefore, no cracks and
very shallow wrinkles. The presence of cracks with a ~45°
angle in the Cu foil grain boundary grooves and spanning over
a relatively short range is also indicative of a relatively low gra-
phene adhesion/pinning on the Cu surface near the Cu grooves.

Interplay between domain density and surface roughness

Although epitaxial Cu films inherently have a more planar
surface morphology compared with other types of catalyst, the
surface roughness is however very sensitive to conditions
employed during the CVD protocol. On the other hand, very
specific CVD conditions have to be used in order to reduce the
graphene nuclei density in the early stage of graphene for-
mation, produce large single-crystalline graphene domains,
and eventually obtain a low density of defect lines induced by
the coalescence of misaligned domains.®® Epitaxial Cu sub-
strates, owing to their unique texture, have been found to
produce well-aligned graphene domains whose orientation
match with the Cu(111) hexagonal lattice, hence resulting in
seamless graphene domain stitching.*>®” Other research
groups, however, reported that graphene does not systemati-
cally follow the underlying Cu(111) lattice and can exhibit
other relative orientations including 3.4°,** 7°,°% 9 + 0.6°,°° 30°
(ref. 36) or, even random orientations.”® On another note, it
has also been reported that even well oriented adjacent
domains could result in defect lines when merging together.””
These defect lines can, for instance, serve as pathways for
oxygen through the impermeable graphene sheet as it has
been observed during our experiments (see ESI section S67).
Therefore, even on epitaxial Cu films, it is crucial to find
approaches to avoid the formation of graphene grain boundaries.

Over the past few years, a series of papers demonstrated the
interest of using pre-oxidized Cu substrates or CVD in situ
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Cu oxidation in order to reduce the nucleation site
density.?**"7%73 Although the exact role of oxygen is still being
debated among the scientific community, the most consistent
explanation postulates that oxygen efficiently reduces
the carbon content in the Cu catalyst prior to graphene
growth.>>’*7> The oxidative carbon removal employed for bulk
Cu foils is however rather challenging to apply to thin Cu films
that are more prone to undergo voiding, dewetting and hydro-
gen embrittlement.*® It is found here that annealing the Cu
substrate at high temperature in the presence of oxygen signifi-
cantly reduces the nucleation site density of graphene but also
tends to drastically deteriorate the Cu surface morphology.

To illustrate this finding, a systematic study has been con-
ducted with both, as-deposited and ex situ oxidized Cu/sap-
phire substrates. Different CVD processes have been per-
formed using exactly the same graphene growth step con-
ditions (1050 °C, atmospheric pressure, hydrogen-to-methane
ratio R = 440) but different pre-growth conditions as shown in
Fig. 3a. These pre-growth conditions exclusively differ by the
time and temperature at which hydrogen is introduced in the
CVD furnace. The ex situ oxidized Cu film has been annealed
on a hot plate in air at 200 °C for 2 min, creating a Cu oxide
layer with a thickness of about 90 nm. On the other hand, the
as-deposited Cu films gets gradually oxidized in situ as the
CVD furnace heating proceeds due to trace amounts of oxygen
present in the Ar flow. Introducing hydrogen into the CVD
furnace plays a dual role: the oxygen traces brought to the cata-
lyst by the argon flow is suppressed and the Cu oxide layer is
reduced into its metallic form.

Fig. 3b shows that delaying the introduction of hydrogen
results in the improvement of the graphene domain density by
about three orders of magnitude. It can also be observed that
the graphene domain density grown on as-deposited and on
pre-oxidized Cu films is very similar. Optical images of gra-
phene grown on ex situ oxidized epitaxial Cu film is available
in ESI section S7.7 ESI section S77 also provides bar charts of
the graphene domain size obtained with the four CVD proto-
cols displayed in Fig. 3a for both in situ and ex situ oxidized Cu
films. This observation suggests that the key for reducing the
nucleation site density lies into the temperature and exposure
time in the presence of oxygen rather than the Cu oxide layer
thickness/Cu oxidation extent. Introducing H, after 80 min
enables the synthesis of graphene with a lateral size of about
600 pm for a graphene growth step duration (t5) of about
35 min (see Fig. 3f) while introducing it after 42 min leads to
almost coalesced 10 pm-large domains after a ¢, of about
20 min (see Fig. 3c). Our Cu oxidation-assisted CVD approach
can be used to routinely produce single crystalline graphene
domains with a lateral size exceeding one millimeter on epitax-
ial Cu(111) thin films (after a growth duration ¢, > 50 min) as
well as on polycrystalline Cu foils and films. To our knowledge,
this result represents an improvement of about one order of
magnitude compared with the literature which, up to now,
reached a maximum lateral size of about 100 pm.”® According
to the trend plotted in Fig. 3b, maintaining the Cu film at high
temperature for a longer duration in a hydrogen-free atmo-
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Fig. 3 (a) Temperature and gas flow rate profiles used for the graphene growth protocols. (b) Plot of the graphene domain density as a function of
the time of hydrogen introduction in the CVD furnace for both as-deposited and oxidized Cu films. (c—f) Optical microscope images of graphene
grown on epitaxial Cu film after a slight Cu oxidation to make graphene visible. Graphene growth results in (c), (d), (e), and (f) correspond to CVD
processes involving the reduction of Cu surface oxide layer at 750 °C, 900 °C, 1050 °C, and after 20 min at 1050 °C, respectively. For each epitaxial
Cu film samples, R, values have been extracted from five 30 x 30 pm? AFM images acquired in different regions.

sphere would further decrease graphene domain density and
eventually yield even larger graphene single crystals.
Unfortunately, it is found that prolonged exposure to oxygen
and excessive oxidation cause Cu surface roughening, voiding
and even dewetting (see ESI section S8+).

It can also be observed in Fig. 3c-f that the Cu surface
roughness varies with the hydrogen introduction delay. Fig. 4
compares the Cu surface morphology obtained when hydrogen
is introduced at 750 °C and after 20 min at 1050 °C. An insight
about the Cu surface roughness can be quickly obtained using
a differential interference contrast (DIC) microscope (see
Fig. 4a and b). Atomic force microscopy (AFM) measurements
have been performed to get a more accurate information on
the surface roughness. As shown in Fig. 4d, delaying the intro-
duction of hydrogen tends to produce depressions in the Cu
surface with a lateral size of about 10 micrometers and a depth
exceeding 100 nanometers. These depressions are also visible
using SEM microscopy as shown in ESI section S9.f
Performing a CVD protocol similar to those shown in Fig. 3a
but using exclusively a reducing atmosphere during the Cu
heating and annealing steps results in a root mean squared
roughness (RMS) around 1.7 nm (R, = 1.35 nm) while the
roughness estimated from the images in Fig. 4c and d are esti-
mated to be 5.14 nm (R, = 3.9 nm) and 18.6 nm (R, =
14.2 nm), respectively. The high temperature annealing at high
temperature in the presence of oxygen thus clearly plays a role

This journal is © The Royal Society of Chemistry 2018

in the strong surface morphology modification upon the CVD
process. Intriguingly, the surface morphology of pre-oxidized
and in situ oxidized obtained after the CVD process are very
similar (see plot in ESI section S77). This observation suggests
that the thickness of the oxide layer does not really have an
impact on the final Cu surface roughness. In the same vein, it
is found that 80 min-long pre-growth in situ oxidation step
does not create depressions in the Cu surface as it is observed
after the graphene growth step (see ESI section S8+ for images
of the oxidized Cu surface). These depressions, which rep-
resent the major contribution to the Cu surface roughness,
thus appear during the reduction of the Cu oxide layer upon
the hydrogen arrival in the early stage of graphene formation.
The surface morphology has been found to be drastically
improved by decreasing the reduction rate of the Cu surface.
The reduction rate can be decreased, for instance, by including
a transient step in the CVD protocol consisting of diluted
hydrogen flow (400 sccm of Ar + 10 sccm of Ar/H, for 10 min)
prior to the graphene growth step (see detailed CVD protocol
in ESI section S10t). Another approach to improve the Cu
surface morphology consists of performing the Cu reduction
step at a lower temperature but then requires a prolonged dur-
ation (i.e. about 40 min at 950 °C) in a non-reducing atmo-
sphere in order to obtain a sufficiently low density of graphene
domains that will be able to expand over more than 1 milli-
meter before coalescence. Such improved surface morphology
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Fig. 4 (a—b) Differential interference contrast (DIC) microscopy images of graphene grown on epi Cu film when introducing hydrogen (a) at 750 °C
and (b) after 20 min at 1050° C. (c) and (d) are atomic force microscopy images taken on graphene grown on epi Cu film that has been reduced at
750 °C and 1050 °C. (e) and (f) are AFM height profiles taken along the grey dashed line in (c) and (d), respectively.

is shown in Fig. 5a. At this stage, the Cu surface morphology is
primarily governed by the surface step-bunching, that is,
the formation of step and terraces on the Cu surface.””
Consequently, the Cu surface roughness is sensitive to the Cu
film thickness uniformity. Indeed, a variation of Cu film thick-
ness impacts the height of the steps and the length of the ter-
races in a similar fashion as a miscut SiC wafer results in more
steps and terraces upon the high temperature formation of epi-
taxial graphene.”® When using a slow Cu surface reduction
and a relatively conform Cu film (i.e. exhibiting a thickness
variation across a 3 inch wafer inferior to 2%), the surface
roughness R, measured from 40 x 40 pm”> AFM maps is in the
1.2-2.8 nm range.

Prior to this work, no research carefully investigated the
influence of the Cu surface oxidation on the Cu surface rough-
ness. This most likely stems from the fact that surface rough-
ness is predominantly dictated by cold-rolling striations or Cu
grain boundary grooves and the surface roughening effect of
the Cu oxidation only represents a minor contributor to the
surface roughness. In the case of epitaxial Cu films, the Cu oxi-

Nanoscale

dation-induced features represent the predominant contri-
bution to the surface roughness.

Raman characterization

To assess the structural quality and the number of layers, we
performed Raman spectroscopy directly on graphene as-grown
on the epitaxial Cu film. In order to get a better insight about
the uniformity of graphene deposition/growth, Raman map-
pings have been acquired on the entire graphene domain
shown in Fig. 5a. The red (top) spectrum in Fig. 5b represents
a typical Raman spectrum acquired directly on the catalyst as
evidenced by the presence of the Cu background. The gra-
phene-related G and 2D peaks are visible for Raman shift
values of ~1585 cm™" and ~2690 cm™, respectively. The very
small or absent D peak normally located around 1350 cm™*
suggests very little or no structural defects in the graphene
lattice.”® The 2D peak is symmetrical and can be fitted by a
single Lorentzian function which is a key characteristic of
single-layer graphene or turbostractic bi- or tri-layer gra-
phene.® Fig. 5b and ¢ show that Raman spectra acquired on

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Differential interference contrast (DIC) microscopy images of graphene grown on epitaxial Cu film when introducing hydrogen at a slow
rate. The surface roughness (R, = 3.2 + 0.9 nm or Ry = 4.05 + 1.1 nm) has been extracted from five 40 x 40 pm? AFM maps acquired in different
region of the wafer. (b) Raman spectra acquired directly on as-grown graphene on epitaxial Cu film and after transferring it on either a 300 nm thick
thermal oxide or a h-BN flake. (c—e) Raman maps acquired directly on the graphene domain shown in (a). Maps in (c), (d) and (e) represent the I>p/lg
peak intensity ratio, the 2D peak position and the 2D peak full width at half maximum.

as-grown graphene have an I,p/Ig peak intensity ratio of about
1.3. Although pioneering works on Raman reported that single
layer graphene typically features a I,p/I of about 2, the inten-
sity ratio strongly depends on the underlying substrate.®"** To
verify the single layer nature of graphene produced on epitaxial
Cu film, it has been transferred onto a Si/SiO, wafer with and
without an exfoliated h-BN flake (purchased from Manchester
Nanomaterial) pre-deposited on its top. Typical Raman spectra
acquired on graphene/SiO, and on graphene/h-BN are plotted
in Fig. 5b and exhibit a I,p/I; ratio of about 1.9 and 2.9,
respectively. Owing to these I,p/Ig values and a uniform
optical contrast on 300 nm-thick SiO,/Si substrate, it can be
safely assumed that the as-produced graphene sheet is com-
posed of one single layer (see ESI S9f). Fig. 5d and e display
the position and the full width at half maximum (FWHM) of
the 2D band which are comprised in the 2685-2695 cm™" and
in the 28-48 cm™" ranges, respectively. These values are indica-
tive of the presence of strain and nano-scale strain gradients
over the graphene single-crystalline domain.®* A more detailed
Raman investigation is available in the ESI section S11.}

3. Conclusion

Our experimental investigation shows that the type of catalytic
substrate is a key parameter to consider when manufacturing

This journal is © The Royal Society of Chemistry 2018

graphene and aiming to fabricate advanced graphene-based
practical applications. This paper provides guidelines and
solutions to address the major challenges related to the CVD
production including controlling the planarity, suppressing
cracks and wrinkles, and achieving a high structural quality.
By comparing the Cu substrate surface roughness that can be
obtained using the most widely employed catalysts (bare and
polished Cu foils, polycrystalline Cu films and Cu(111) epitax-
ial film), we observed that as-produced graphene planarity can
vary over 3 orders of magnitude. Graphene’s physical integrity
also markedly depends on the type of Cu substrate, particu-
larly regarding the location, extent and shape of graphene
cracks and wrinkles. Surface morphology features such as Cu
grain boundaries are found to have a detrimental impact on
the planarity of graphene and almost invariably cause the gra-
phene film to crack. Our comparative study thus deepens our
understanding of the mechanical and interfacial behavior of
graphene on its synthesis substrate. Oxidative carbon removal
is a facile and efficient approach to produce highly crystalline
graphene on every types of Cu substrate but has been found to
impair Cu surface morphology. This roughening effect has
been found to be mitigated by slowing down the reduction of
Cu oxide into Cu prior to graphene growth. The selection of
the Cu substrate employed for the CVD process has substantial
consequences on the planarity and physical integrity of gra-
phene and should therefore be carefully considered in the
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realization and interpretation of a broad range of existing and
future research.

4. Experimental methods

The CVD protocols were performed in a horizontal hot-wall
CVD furnace (1.2 meter-long, 10 cm inner diameter, purchased
to MTI corporation) under atmospheric pressure. Gas feed-
stock were supplied by Praxair: Ar (99.999%), Ar/CH,
(2000 ppm) and Ar/H, (10%). Cu foils (50 pm-thick, 99.9%
purity) were purchased to Advent Research Materials (UK).
Fused quartz (JGS2, R, < 1.2 nm) and C-plane sapphire (single-
side surface polished Epi ready) wafers were purchased to
Prime Wafers (NL). Cu films were deposited by electron beam
evaporation at room temperature (4 As™, pressure ~2 x 1077
mbar) using 99.999% pure Cu pellets from Kurt J. Lesker. The
samples were characterized using Raman spectroscopy
(LabRAM HR by Horiba, excitation energy: 2.41 eV/514 nm,
spot size: ~1 pm), SEM (Zeiss Gemini Ultra-55, EHT: 3 kV,
working distance <3 mm), AFM (Dimension Icon Instrument
by Bruker, Peak Force tapping mode in air, linear scanning
rate: 0.5-1 Hz, set point: 400-1000 mV), and EBSD (electron
energy: 15-20 KkV, step size: 0.75 pum). Cu foils were polished
using the Struers protocol with a mechanical polishing
(MD-Mol, 20 min) and an oxide polishing (MD-Chem, 2 min).
Graphene has been transferred onto a 300 nm-thick Si/SiO,
substrate using the wet PMMA-assisted method. A more
detailed description of the transfer process is provided in ESI
section S11.7
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