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ABSTRACT: In this work, single-layer graphene with compact
millimeter-size domains has been obtained by chemical vapor
deposition (CVD) on thin Cu film. This has been achieved by
carefully adjusting the global pressure inside the CVD furnace as
the graphene synthesis protocol proceeds. Global pressures in the
2−750 mbar range have been systematically investigated to
determine optimal conditions for both the Cu annealing and the
graphene nucleation and growth steps. It has been observed that
using a high global pressure during the graphene growth is
essential to grow defect-free compact domains. The low
nucleation site density, required to produce large graphene domains, has been achieved by combining a high hydrogen-to-
methane ratio during the graphene growth step and an in situ Cu film oxidation induced by a high pressure level of argon during
the Cu annealing step. Finally, it is found that a brief evacuation of the CVD furnace from its argon atmosphere prior to the
graphene growth step is a key process step to prevent the Cu film degradation. Our method provides a scalable and reproducible
way to produce high quality graphene on thin Cu film which is a convenient platform for the realization of graphene-based
practical applications.

■ INTRODUCTION

The extraordinary physical properties of graphene, an atomi-
cally thin two-dimensional material composed of carbon atoms,
make it attractive for a wide range of practical applications,
particularly in the microelectronics field.1 Up to now, chemical
vapor deposition (CVD) of graphene on Cu catalyst has been
considered the most promising technique to produce large-area
single-layer graphene films.2,3 Unfortunately, CVD graphene is
polycrystalline as it results from nucleation, growth, and
coalescence of single-crystal graphene domains (also called
grains).4,5 Structural defects arising from graphene grain
boundaries (GGBs) are known to drastically reduce its
excellent electrical and mechanical properties.5 The random
distribution of nucleation sites and hence the random location
of GGBs is particularly troublesome considering industrial
fabrication of electronic devices arrays and circuits which
require a high device-to-device uniformity.
The best approach to suppress GGBs-induced defects

consists of significantly reducing graphene nucleation site
density so that the nuclei are able to expand and eventually
become large single-crystalline graphene domains (GDs). In
this regard, the past 6 years have seen a substantial increase of
interest in techniques leading to this goal including Cu foil
pretreatments,6−12 customized Cu foil geometries,13,14 or
nonconventional CVD furnace configurations.15−19 However,
low nucleation site density cannot be reached without proper
CVD processing parameters including high temperature,6,20,21

low methane partial pressure,7,20 and high hydrogen-to-

methane ratio.6,8,22,23 Until now, quite a few research groups
achieved CVD-grown millimeter-size6,7,14,17,18,22,24−26 and
more recently centimeter-size GDs9,11,27 on Cu foils. These
results are summarized in Table S1 in the Supporting
Information.
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: (i) given its fabrication process
and its quasi two-dimensional nature, the Cu film features a
higher purity and, more particularly, a lower carbon content
which can yield an intrinsically lower nucleation site density
and reduce the chance of producing a few-layer graphene; (ii)
its relatively smooth surface morphology circumvents the use of
cumbersome pre-CVD treatments required to eliminate the
surface morphology singularities which can act as preferential
sites for graphene nucleation;28 (iii) heteroepitaxial Cu film can
be used to control the orientation of graphene domains;29−31

(iv) using a flat and rigid substrate improves graphene
processability as it allows the direct processing of graphene
by conventional CMOS technologies;32 (v) as graphene growth
mimics Cu surface morphology, 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.33 It is also worth mentioning that Cu films deposited
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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.34 Cu films thus constitute an ideal
alternative to Cu foils for rigorously studying the influence of
CVD conditions on graphene growth.
To our knowledge, the largest graphene domains ever grown

on thin Cu film reached a maximum lateral size of 100 μm and
a few hundreds of micrometers for domains with compact
hexagonal29,30 and dendritic23,31 shapes, respectively. The key
challenge for growing millimeter-size 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 arises mainly from Cu
evaporation loss,35 Cu film dewetting,36 or Cu interdiffusion
with the underlying substrate.37 A shorter duration or a reduced
temperature for the graphene growth step has been used to
grow graphene while mitigating Cu degradation, but these
conditions are conflicting with the growth of compact large
domains.38,39

Here we controlled the global pressure inside the CVD
furnace to determine optimal conditions during Cu substrate
annealing, graphene nucleation, and graphene growth. Thanks
to properly adjusted CVD parameters, we demonstrate for the
first time the growth of compact millimeter-size graphene single
crystals on top of thin Cu films. We first conducted a systematic
study of the impact of the hydrogen-to-methane ratio (ranging
from 2 to 1100) under various global pressure conditions (from

2 to 750 mbar) on graphene nucleation site density and the
domain growth front. Our results suggest that a low nucleation
site density can be achieved under both low and high pressure
conditions provided that methane partial pressure is close
enough to the nucleation threshold. However, higher global
pressure conditions are more appropriate to achieve high H2-to-
CH4 ratios which favor the growth of high structural quality
GDs with a compact shape. We also show that using a higher
pressure of argon during the Cu catalyst annealing/ramping
step efficiently contributes to the reduction of the nucleation
site density. Finally, we found out that when using a high Ar
pressure level during the Cu annealing step, it is essential to
temporarily evacuate the CVD chamber prior to the graphene
growth step in order to avoid Cu film degradation.

■ RESULTS AND DISCUSSION

Demonstration of Millimeter-Size GDs. Photograph
(Figure 1a), optical microscopy image (Figure 1b) and
scanning electron microscopy (SEM) images (Figure 1c,d)
show millimeter-size graphene domains as produced on a 1200
nm thick Cu film deposited on a 3 in. 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
Figure 1a,b.40 A 30 min growth step results in graphene
domains of a few hundreds of micrometers that can be easily
distinguished from each other with bare eyes as shown in
Figure 1a. Extended graphene growth durations result in
graphene domains with lateral size exceeding 1 mm after about
1 h (see Figure 1b) and the completion of a continuous

Figure 1.Millimeter-size graphene domains grown on 1.2 μm thick Cu film. (a) Photograph of a Cu film evaporated on a 3 in. quartz wafer after a 30
min graphene growth and post-CVD Cu oxidation to make graphene visible. (b) Optical microscopy image of millimeter-size GDs as grown on Cu
film after Cu oxidation. (c) SEM image of a graphene domain as-grown on Cu film with hexagon-like edges. (d) Higher magnification SEM image
corresponding to the framed area in panel c. (e) Optical microscopy image of GDs transferred on a 90 nm thick SiO2/Si substrate. (f) Higher
magnification image of transferred graphene indicated in the framed area in panel e; the dashed circle highlights a small bilayer dot.
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graphene sheet after about 90 min. Graphene domains exhibit a
rather compact shape consisting of a mixture of rounded and
straight edges forming ∼120° corners similarly to hexagons.
The hexagon-like shape of GDs, indicating a coherent atomic

structure 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
crystallographic orientations present different catalytic activities,
diffusion rates for adsorbed species, and carbon precursor
adsorption/desorption rates.41−43 Except the bilayer regions
with lateral size of a few micrometers occasionally found near
the graphene domain edges (see dashed circle in Figure 1f), the
clear uniform color contrast shown in the SEM images (Figure
1c,d) and optical microscopy images of graphene transferred on
a 90 nm thick SiO2/Si substrate reflects the single-layer nature
of the produced graphene sheet. Although the Cu film’s
intrinsic high purity and smooth surface morphology 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 (see Supporting Information
section S2).
Graphene Growth Pressure. The first step toward the

synthesis of such large-area compact single-layer GDs consists

of determining the CVD processing parameters (temperature,
global pressure, and gas flows) and more particularly the
graphene growth conditions (CH4 partial pressure, H2-to-CH4
ratio, temperature, and global pressure) favoring a low density
of nucleation sites as well as a nondendritic growth front. In
contrast to previously published works which studied the
graphene growth under strictly low pressure (LP) condi-
tions13−15,17,20,25 or ambient pressure (AP) conditions,7,11,24,44

we investigated the growth of graphene under different pressure
levels ranging from 2 to about 750 mbar. In order to determine
which pressure range is the most appropriate to produce large
GDs, we compared the nucleation site density that can be
achieved at different global pressures under optimal methane
partial pressure, that is, under a partial pressure as close as
possible from the nucleation threshold. Using a methane partial
pressure (PCH4

) far beyond the threshold would result in
excessive adsorption of methane molecules on the Cu surface,
in a higher supersaturation of C species and, in turn, in the
formation of a high density of nucleation sites.21

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 desorption rate of active C species from the Cu surface
(which is mainly dictated by the CVD furnace temperature and
global pressure). Therefore, several experiments with a precise
control of the methane partial pressure have been carefully
conducted to determine an approximate value of the lowest
PCH4

allowing the nucleation of graphene. The precise

Figure 2. Graphene growth evolution with global pressure and H2-to-CH4 ratio. (a) Temperature, gas flow, and global pressure profiles used for the
CVD experiments. (b) log−log plot summarizing the global pressure and the H2-to-CH4 ratio conditions used for the different CVD experiments.
(c−f) SEM images of graphene grown on Cu under pressures of (c) 8, (d) 20, (e) 100, and (f) 750 mbar. Panels g−j are higher magnification SEM
images of the framed square areas in panels c−f, respectively.
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monitoring of PCH4
is achieved by tuning the injection of Ar/H2

(FAr/H2) and Ar/CH4 (F
Ar/CH4) gas flows into the CVD furnace

and is calculated according to

=
+

P P
F D
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Ar/CH CH

Ar/CH Ar/H4

4 4

4 2 (1)

where DCH4 is the dilution of the Ar/CH4 (2500 ppm) gas flow
feedstock used in this work. For a given global pressure (Ptot),
using a higher Ar/H2 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
F D
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where DH2 is the dilution of the Ar/H2 (10%) gas mixture
feedstock.
The temperature, gas flows, and pressure profiles used for

this investigation are illustrated in Figure 2a. To provide a
rigorous analysis, the Cu film annealing step is performed under
the exact same conditions, regardless of the pressure used for
graphene growth. Once the graphene growth temperature (Tgr
= 1050 °C) is reached, Ar/H2 and Ar/CH4 gas flows are
introduced in the CVD furnace and the aperture of the
metering valve located downstream of the CVD furnace is
adjusted. The pressure increases and stabilizes at a value
determined by the metering valve aperture and the total gas
flow introduced. Using low pressure conditions prior to the
introduction 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.
Figure 2b summarizes the outcome of the graphene growth

experiments conducted in this work. Although no graphene
formation has been observed for graphene growth performed at
2 mbar, graphene has been synthesized under various H2-to-
CH4 ratios for all the pressure levels investigated here including
8, 20, 100, and 750 mbar. 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)
correspond to the growth of graphene nuclei which are
sufficiently separated from each other that individual GDs can
be observed by means of the SEM. Nucleation site density and
the domain size plots corresponding to these experiments are
displayed in Supporting Information section S3. Since a low
nucleation site density (≤0.05 nuclei/mm2) can be obtained for
all pressure 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, Figure 2b shows that graphene formation

can be achieved under higher H2-to-CH4 ratios when the CVD
process is performed under higher global pressure. The
maximum H2-to-CH4 ratio that can be used to produce
graphene shifts from about 200 to 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 (more details in
Supporting Information section S3). Increasing the pressure
and the H2-to-CH4 ratio clearly affects the growth of graphene
as shown in Figure 2c−f that have been produced at 8, 20, 100,
and 750 mbar, respectively. Even though graphene domains
grow in a form tending to hexagon-like shapes (Figure 2c−f)

indicating a coherent atomic structure, the growth front differs
a lot (Figure 2g−j). Producing graphene at a relatively low
pressure results in a highly dendritic growth front and partially
hollow graphene domains (as shown in Figure 2c,d). Increasing
the global pressure and the H2-to-CH4 ratio 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 H2-to-CH4 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
H2-to-CH4 ratio is exactly the same (R = 800 in Figure 2e,f), 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.
The significant modification of graphene crystal morphology

with the global pressure and H2-to-CH4 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.23,45 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 H2-to-CH4 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.

Annealing Pressure. Another major milestone toward the
synthesis of large-area GDs consists of decreasing the
nucleation site density by employing appropriate conditions
during the warming ramp of the CVD furnace. Although the
pioneers of CVD growth of graphene on Cu used it to
introduce hydrogen during the warming ramp,2,20,32,46 recent
works suggested that using a pure Ar flow is more convenient
to obtain large graphene single crystals11,22,24 (see Supporting
Information section S4). We demonstrate here that the Ar
pressure levels present in the CVD furnace during the warming
ramp of the CVD protocol significantly affect graphene
nucleation density. To illustrate this statement, we performed
a series of graphene growth experiments with an identical
graphene growth step but different annealing pressure
conditions. In order to apply the exact same graphene growth
conditions (temperature, global pressure, and gas composition
profiles) in each experiment regardless of the Ar pressure used
during the annealing, the CVD furnace is evacuated for 5 min
prior to the introduction of hydrogen and methane as shown in
Figure 3a. Figure 3b represents the evolution of nucleation site
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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
slight oxidation of the Cu surface. The counting has been
carried out by observing four areas of ∼1.2 cm2 randomly
chosen on the 3 in. catalytic wafer (∼44 cm2) used for the
experiment. Due to rather small variation in local graphene
nucleation site density, the four 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 magnitude when Ar pressure is
increased from 2 up to 750 mbar. Optical microscopy images
corresponding to Ar annealings of 20, 50, 200, and 500 mbar
are showed in Figure 3c−f, respectively. It can also be observed
by comparing Figure 3c to Figures 3d−f that using a higher Ar
pressure upon the Cu annealing decreases the apparent
graphene growth rate. This tendency is particularly noticeable
for relatively low Ar pressure, that is, in the 2−50 mbar range.
The actual effect of argon pressure on graphene growth has

been further investigated by observing the evolution of the Cu
surface prior to any graphene formation. We mainly focus on
the two extreme cases presented in Figure 3a, namely, the CVD
protocols involving an annealing step under relatively low
pressure (2 mbar) and under relatively high pressure (750
mbar) of argon. First, we observed the Cu surface directly after
the annealing step by carrying out the experiments illustrated in

Figure 4a. As shown in Figure 4c,d, heating the Cu substrates in
an Ar atmosphere creates a colorful compound on the Cu
surface. Energy dispersive X-ray (EDX) and scanning electron
microscopy (SEM) have been used to identify the nature of this
compound which turns out to be copper oxide (see Supporting
Information section S5). The amount of copper oxide
produced during the annealing step seems to depend on the
argon pressure as low pressure conditions (2 mbar) yield only a
few copper oxide islands while high pressure conditions (750
mbar) result in the formation of an almost continuous copper
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 (H2O < 1
ppm, O2 < 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.9,11,12,22,24,25,47 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,24,25 (ii) the presence of a catalytic
inactive oxide layer at the beginning of graphene growth,22 (iii)
the passivation of Cu active sites,9,11 (iv) the removal of surface
impurities,25,47 and (v) the reduction of the carbon content in
the Cu catalyst.12,47 To better understand how the use of an

Figure 3. Impact of Ar pressure during the Cu annealing/ramping step. (a) Temperature, gas flow, and global pressure profiles used for the various
CVD experiments. (b) log−log graph showing the nucleation site density evolution with the Ar pressure level used during the Cu annealing/ramping
step. (c−f) Optical microscopy images of samples annealed under 20 (c), 50 (d), 200 (e), and 500 mbar (f) of argon, respectively.
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oxidizing atmosphere during the annealing step plays a role in
drastically reducing the nucleation sites during the graphene
growth step, we focus on how the catalytic substrate evolves in
the very early stage of the graphene growth step, that is, when
Ar/H2 and Ar/CH4 flows are injected inside the CVD furnace.
In this regard, we performed the exact same experiments as

in Figure 3 but interrupted the graphene growth step after a 10
min exposure to the reducing atmosphere composed of H2,
CH4, and Ar (see Figure 4b). 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 Figure 4a,b, the furnace is rapidly evacuated 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 copper oxide induced during the
annealing step completely vanished, probably turned into
metallic Cu due to the reducing atmosphere. 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 first 2 min of exposure to
the reducing atmosphere (results not shown). These
observations suggest that the copper 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 copper oxide are
reduced way before graphene formation starts.
Although the Cu surface morphology and oxidation level

differ a lot depending on whether it has been annealed under 2
or under 750 mbar of argon, it is relatively similar once the Cu
substrates have been exposed to the Ar/H2/CH4 gas mixture
for 10 min (Figure 4e-,f). The formation of more copper oxide
during the warming ramp hinders the Cu grain microstructure
evolution upon annealing and lead to puddles of smaller Cu
grains (Figure 4f). 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’s group.24 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 annealing 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 graphene
growth processes which brought C-based compounds inside the
furnace (through methane cracking, particularly promoted by
evaporation/re-deposition of Cu on the inner walls48), or even
(iii) directly from the bulk of the Cu catalyst as proposed by
Kraus et al.,12 which is the less likely reason here given the

Figure 4. Impact of ramping/annealing the Cu substrate under an Ar atmosphere on the suppression of nucleation sites. (a) Temperature and
pressure profiles of a first set of experiments used to determine how Ar atmosphere affects the Cu surface during the warming ramp. (b)
Temperature and pressure profiles of a second set of experiments used to get an insight on how the Cu surface evolves at the onset of the graphene
growth step. (c, d) Optical images of the Cu surface after the experiment described in panel a under Ar pressures of (c) 2 and (d) 750 mbar. (e, f)
Optical images of the Cu surface after the experiment described in panel b under Ar pressures of (e) 2 and (f) 750 mbar.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.6b04928
Chem. Mater. 2017, 29, 3431−3440

3436

http://dx.doi.org/10.1021/acs.chemmater.6b04928


thickness and the fabrication process of the Cu film (see
Supporting Information section S6). 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 CO2) present in the furnace.47 We
believe that both the oxidative removal of C atoms in the CVD
furnace and the C-species impoverishment on the Cu surface
induced by the copper oxide passivation layer effectively
contribute to lowering the nucleation site density. This effect is
even more significant as the Ar pressure (i.e., the oxidizing
effect) is important. The high nucleation site density obtained
following a Cu annealing in a reducing atmosphere can be
explained by the formation of highly volatile hydrocarbons
(CxHy) produced by H2-induced etching of existing graphene in
the furnace or newly created by reduction of freshly introduced
parasitic organic compounds (see Supporting Information
section S4). Moreover, maintaining a reduced Cu catalytic
surface makes it more reactive for catalyzing the undesired C-
based compounds transported by the gas phase.
The manifestation of a more effective C species depletion on

the Cu surface with higher Ar pressure during the annealing can
also be observed in Figure 3c−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 pressure. Intuitively, a Cu substrate
which is depleted in C species at the onset of the graphene
growth step will require a longer duration to catalyze methane
and achieve a sufficient concentration of C-based species to
trigger graphene nucleation.
From the above observations, it might be tempting to

perform both the Cu annealing and the graphene growth at
high pressure, without proceeding to the evacuation of the
chamber prior to the graphene growth step (shown in Figures
2, 3, and 4). However, it has been observed that directly
introducing methane and hydrogen in the CVD furnace
containing a high pressure of Ar results in the Cu film solid-
state dewetting (see Supporting Information section S7).
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.36 Here, we intentionally use Cu films with
a thickness of at least 1 μm and limit the high temperature step
duration to a 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 dewetting stage depends on the Ar
pressure used during the Cu annealing step and no dewetting is
observed for Ar pressure levels under 10 mbar. 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.49 It seems that the presence of the
copper oxide thin layer on the Cu top surface does not play a
role as evacuating the chamber does not remove that oxide

Figure 5. Raman measurements of single crystals of graphene. (a) Optical microscopy image of graphene transferred onto a 90 nm thick SiO2/Si
wafer. (b) Raman spectra acquired in the different locations denoted by color dots in panel a. (c−f) 50 × 60 μm2 Raman mappings corresponding to
the areas highlighted by the insets in panel a. I2D/IG and ID/IG mappings taken (c, d) along the GD edge and (e, f) at the center of the domain.
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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 millimeter-size GDs.
Graphene Transfer and Raman Analysis. Further

characterization is achieved by transferring as-produced
graphene from the Cu film onto 90 nm thick SiO2/Si wafers.
In order to evaluate the structural quality and number of layers,
Raman spectroscopy measurements have been performed on
the two transferred GDs presented in Figure 5a. Figure 5b
displays stacked Raman spectra corresponding to the different
locations identified by colored dots in Figure 5a. These spectra
were acquired using a 2400 grooves/mm grating in order to
obtain precise values 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 cm−1), a G peak (1577−
1582 cm−1), and a very weak D peak (1337−1341 cm−1) which
suggests an insignificant amount of structural defects. The
intensity ratio I2D/IG about 2, the relatively narrow 2D peak
(fwhm2D ranging from 34 to 42), and the fact that the 2D peak
can be fitted by one single Lorentzian component indicate that
the GDs are monolayer.50,51 The observed shift of the peaks is
more likely due to mechanical stress and/or doping induced by
the transfer process steps (see Supporting Information section
S8).52

To further assess the spatial uniformity of graphene quality
and thickness within a single GD, Raman mappings have been
acquired on 50 × 60 μm2 areas located in the center and at the
periphery of the GD as shown by the insets in Figure 5a.
Regardless of whether the mapping is acquired at the periphery
(Figure 5c,d) or at the center (Figure 5e,f), the intensity of the
D peak is almost 2 orders of magnitude smaller than that of the
G peak (except in the transfer process-induced cracks that are
visible in the insets of Figure 5a). 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. 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 aforementioned observations stating that even if
the GDs shapes are not completely hexagonal, individual
millimeter-size graphene domains originate from a single
graphene nucleus.

■ CONCLUSION
In conclusion, we developed a new CVD approach to produce
single-layer graphene sheets with millimeter-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. Adjusting 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 applica-
tions.
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