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Oxidation-assisted graphene heteroepitaxy

on copper foil

Nicolas Reckinger,**® Xiaohui Tang, Frédéric Joucken,®® Luc Lajaunie,

d

Raul Arenal,®® Emmanuel Dubois,” Benoit Hackens,® Luc Henrard®® and

Jean-Francois Colomer®®

We propose an innovative, easy-to-implement approach to synthesize aligned large-area single-

crystalline graphene flakes by chemical vapor deposition on copper foil. This method doubly takes advan-

tage of residual oxygen present in the gas phase. First, by slightly oxidizing the copper surface, we induce

grain boundary pinning in copper and, in consequence, the freezing of the thermal recrystallization
process. Subsequent reduction of copper under hydrogen suddenly unlocks the delayed reconstruction,
favoring the growth of centimeter-sized copper (111) grains through the mechanism of abnormal grain

DOI: 10.1039/c6nr02936a

growth. Second, the oxidation of the copper surface also drastically reduces the nucleation density of

graphene. This oxidation/reduction sequence leads to the synthesis of aligned millimeter-sized mono-

layer graphene domains in epitaxial registry with copper (111). The as-grown graphene flakes are demon-

strated to be both single-crystalline and of high quality.

Introduction

Chemical vapor deposition (CVD) holds great promises for
large-scale production of high-quality graphene. The very low
carbon solubility in copper (Cu) makes it a very attractive cata-
lyst for graphene CVD growth.' Low-pressure CVD leads to the
self-limited growth of a graphene monolayer” while the same
outcome can be obtained by atmospheric pressure CVD
(APCVD) provided that the amount of injected hydrocarbon is
carefully controlled (by working with highly diluted hydro-
carbons for instance).” However, graphene sheets produced by
standard CVD on Cu are polycrystalline’ and domain bound-
aries have a detrimental effect on transport properties of charge
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carriers in graphene." Besides, large-scale single-crystalline
monolayer graphene sheets constitute optimal building blocks
for artificial layer stacking with a precise control of the inter-
layer rotation angle. Twisted bilayer graphene, formed from the
stacking of two monolayer graphene sheets, has already demon-
strated a range of interesting optoelectronic behaviors.>™®

One approach to grow large-size graphene domains is a
drastic lowering of the graphene nucleation density by
various techniques such as: growth on resolidified Cu,” on
Cu annealed at high pressure,'® or by local feeding of carbon
precursors.'* The most popular method involves a superficial
oxidation of Cu to suppress nucleation.’**® A recent study pro-
vides solid arguments to attribute this effect to the removal of
carbon contamination on the Cu surface rather than to the
presence of oxygen."”

The Cu(111) surface plane is very advantageous for gra-
phene synthesis because its hexagonal lattice symmetry
matches well the honeycomb lattice of graphene (lattice mis-
match of ~4%), thereby enabling epitaxial graphene growth. It
is also attractive for the efficient decoupling of CVD graphene
from Cu'® in the context of transfer methods yielding high-
mobility graphene-based solid-state devices.'® A few publi-
cations (see Table S1{ for more details) report on the for-
mation of large Cu(111) grains spanning several millimeters
starting from polycrystalline foils,”'®? after annealing at
temperatures close to the melting point of Cu (1088 °C), where
the grain boundary mobility is high. After such thermal treat-
ments, Cu naturally adopts the (111) crystallographic orien-
tation since it is thermodynamically the most stable for face-
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centered cubic metals.>"*> By contrast, Robinson et al.>* report
the formation of large Cu grains with a dominant (001)
texture, the initial main orientation of the Cu foil. Following
this line of thought, a novel method has emerged recently, in
addition to the “single-domain” one. It consists in orienting
the surface of initially polycrystalline Cu foils along the (111)
orientation by long (several hours) thermal annealing at more
than 1000 °C. The subsequent epitaxial growth of graphene
conduces to the alignment of domains which ultimately merge
to form a graphene film free of domain boundaries over
several dozen centimeter squares.>>>* Other more expensive,
complicated techniques imply directly working on Cu(111)
single crystals®*” or depositing a thin layer of Cu epitaxially
oriented on a-Al,05(0001)**7° or MgO(111) substrates.*'

The mechanism underlying the growth of large grains in
materials is known as abnormal grain growth.**** Cold-rolled
metal foils are polycrystalline in nature. After annealing at high
temperature, the process of primary recrystallization results in
the formation of new dislocation-free grains. When subjected
to further annealing at high temperature, the average grain size
continues to increase because it is thermodynamically more
favorable to reduce the total grain boundary energy. Gradually,
larger grains grow at the expense of smaller ones via grain
boundary migration (normal grain growth). In specific con-
ditions, normal grain growth may give way to abnormal grain
growth where a selective growth of a few “giant” grains occurs
by absorbing the small neighboring ones. Abnormal grain
growth can only proceed if normal grain growth is somehow
inhibited, notably by grain boundary pinning.**

In this work, we describe a new method, merging the advan-
tages of the “single-domain” and epitaxial growth approaches,
where we take advantage of residual oxygen in the gas phase.
First, by slightly oxidizing the Cu surface, we induce grain
boundary pinning and, in consequence, freezing of the thermal
recrystallization process. Subsequent reduction of Cu under
hydrogen suddenly unlocks the delayed reconstruction, favoring
abnormal grain growth over normal grain growth. This results
in the centimeter-scale reconstruction of the Cu substrate along
the surface plane (111) orientation. The identification of abnor-
mal grain growth as the mechanism responsible for the
Cu reconstruction is the main novelty and the crux of our work.
The posterior adjunction of methane leads to the aligned
growth of large-area monolayer graphene domains. Compared
to the usual hydrogen pre-growth annealing, this oxidation/
reduction sequence is thus doubly beneficial: (1) the (111)
reconstruction of Cu foils at the centimeter scale is greatly accel-
erated, allowing graphene domains to grow in an aligned way
through epitaxial registry with the Cu substrate and, (2) the oxi-
dation drastically reduces the nucleation density and promotes
the growth of millimeter-sized monolayer graphene flakes.

Experimental
Graphene growth

We start from Cu foil pieces with a size of 3 x 3 cm” (Alfa
Aesar, reference number 13382: 25 um-thick, purity 99.8%).

The Cu pieces are cleaned in a 2:1 mixture of acetic acid and
distilled water (see ESI section 167 for more details), rinsed in
distilled water, and blown-dry with nitrogen. For the growth,
the sample is first put on a quartz boat and inserted into a
quartz tube at room temperature. An argon flow of 2000 sccm
is then fed into the tube for 15 min and the temperature of the
hotwall furnace is increased to 1050 °C. Next, the quartz tube
is introduced into the furnace and the argon flow decreased to
500 sccm, with the immediate or delayed addition of 20 scem
of hydrogen. After 1 h in these conditions, dilute methane (5%
in 95% of argon) is injected to grow graphene. The quartz tube
is extracted 1 h later from the furnace and left to cool down
naturally in the same gas mixture.

Graphene transfer

Graphene is transferred onto 300 nm-thick silicon dioxide/
silicon substrates or TEM grids (Ted Pella, #01896N) by the
widely used method based on poly(methyl methacrylate)
(PMMA). After PMMA coating, the Cu foil is first partially
etched in ammonium persulfate to remove graphene grown on
the backside. After rinsing and rubbing the backside with a
cleanroom wiper, the foil’s etching is continued in a fresh per-
sulfate solution. The PMMA/graphene stack is next rinsed
thoroughly in distilled water and fished on the wanted
support. The sample is left to dry overnight and, finally,
PMMA is removed with acetone.

Additional details regarding the experimental techniques
(scanning electron microscopy, energy-dispersive X-ray spec-
troscopy, electron-backscattering diffraction, low-energy elec-
tron diffraction, X-ray photoelectron spectroscopy, micro-
Raman spectroscopy, transmission electron microscopy) can
be found in the ESI section 17.7

Results and discussion

The temperature-time diagram shown in Fig. 1a summarizes
the so-called “standard” (small, misaligned domains) and
novel (macroscopic, aligned domains) graphene growth con-
ditions, with the corresponding argon and hydrogen flows.
The unique difference between the two processes is the pre-
growth annealing of the Cu foils: (1) a reductive annealing
under argon and hydrogen®*'? (dubbed S#1:H,/S#2:H,, see
Fig. 1a for the notations) or (2) an oxidative/reductive anneal-
ing under argon, then argon and hydrogen'*'>">'® (Sff1:noH,/
S#2:H,). The results of the two pre-growth sequences are com-
pared in the low magnification scanning electron microscopy
(SEM) images displayed in Fig. 1b and c. We observe that the
slightly different thermal treatments result in radically dissimilar
Cu foil morphologies. It is indeed clearly seen in Fig. 1b
that the S#1:H,/S#2:H, Cu foil is polycrystalline, as testified by
the heterogeneous SEM contrast rendered by the diverse
Cu grain orientations, due to electron channeling. On the
other hand, the other Cu foil exhibits a nearly uniform
contrast, as in Fig. 1c (except for white lines due the rolling
striations, darker contrast due to curving of the foil, and a few
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Fig. 1 (a) Temperature-time diagram summarizing the different steps of
the standard (in blue) and aligned (in red) graphene growth conditions
with the corresponding argon and hydrogen flows. Scanning electron
microscopy pictures of Cu foils after (b) S#1:H,/S#2:H, (highlighted in
blue) or (c) S#1:noH,/S#2:H, (highlighted in red).

elongated grains). The systematic use of low magnification SEM
to completely sweep the surface of three 3 x 3 em” S#1:noH,/
S#2:H, foils suggests the same qualitative conclusion: the foils
present an almost completely unique crystallographic orien-
tation. However, a few residual polycrystalline areas are seen,
most of the time on the edges of the foil (Fig. S1la and bt), or
where it is strongly deformed (Fig. Sic and df). In line with that
observation, the reconstruction proves unstable on the edges of
pieces cut from reconstructed 3 x 3 cm?® samples when they are
heated once again in the same conditions (Fig. Sle and gf).
Strain created during the cutting causes the foil to return to a
polycrystalline state on the edges. These observations evidence
that deformations in the Cu foil play a very important role in
the reconstruction. It is also noteworthy that the reconstruction
is not purely superficial but rather extends throughout the
whole thickness of the Cu foil, as proven by the SEM inspection
of both sides of a reconstructed Cu foil (Fig. S21). In a
final control experiment, it is found out that an annealing
under argon and hydrogen of at least four hours is necessary
to reconstruct a 3 x 3 em” Cu foil in a similar manner to the
S#1:noH,/S#2:H, treatment (Fig. S3t), meaning that the
oxidative/reductive annealing helps to drastically shorten
the recrystallization duration and consequently the cost of the
whole process.

To unambiguously identify the crystalline structure and
determine the size of the Cu grains, we perform electron-back-
scattering diffraction. First, the analysis of a 3 x 1 cm® S#1:H,/
S#2:H, Cu stripe (cut from a 3 x 3 cm” Cu piece) shows that it
is mainly (001)-oriented, as illustrated in Fig. 2a displaying the
corresponding out-of-plane inverse pole figure (IPF) map (with
the IPF on the right). The Cu(001) orientation was already
reported by other works for Cu foils subjected to similar treat-
ments.”>** Then, a 3 x 1 cm® S#1:noH,/S#2:H, Cu stripe (also
cut from a 3 x 3 em” Cu piece) is investigated in three distinct

regions (see Fig. 2b exhibiting a photograph of the stripe with
color-coded circles locating the three analyzed areas in the
center and on the two edges). The corresponding IPF maps
exposed in Fig. 2c-h give a confirmation of the large-scale
(111) reconstruction of the Cu substrate (with the associated
IPF in inset). More precisely, the uniform color in each out-of-
plane IPF map is representative of a completely (111)-oriented
Cu surface (Fig. 2c-e), while the uniform color in each in-
plane IPF map shows that there is no rotational misfit (i.e. no
twinning) between the three spots (Fig. 2f-h), so that the three
areas belong to the same Cu crystal. The slight color variations
that we can see in Fig. 2c and e reflect the uneven topography
of the foil (local corrugations or larger-scale creases, as seen in
Fig. 2b), meaning that, in places, the normal to the investi-
gated surface is not exactly at the right angle with respect to
the detector. On the other hand, the IPF map in Fig. 2d is very
uniform and the crystallographic orientation much closer to
the (111) pole (see the corresponding IPF) because the Cu foil
in the center is much flatter. The only observed non-uniformi-
ties are the elongated grains that could already be seen pre-
viously in the SEM pictures in Fig. 1c. These small-sized rare
grains are identified as (001)-oriented (Fig. S471), in agreement
with ref. 23.

We now investigate the mechanism responsible for acceler-
ating abnormal grain growth (see an illustration of abnormal
grain growth in Fig. S51). The sole difference between the two
pre-growth annealings considered here is the suppression of
hydrogen during S#1. In the absence of hydrogen and its redu-
cing effect, it is known that trace amounts of oxygen are inevi-
tably present in the atmosphere and affect CVD growth.>**® In
consequence, we are naturally led to believe that oxygen plays
a major role in the reconstruction of the Cu foil. To shed more
light on the oxidation of Cu, energy-dispersive X-ray spec-
troscopy (EDX) mapping is conducted on a Cu piece after the
S#1:noH, thermal treatment (complementary X-ray photo-
electron spectroscopy data can be found in Fig. S6a-df). The
SEM image in Fig. 3a reveals that the surface of the foil is scat-
tered with micrometer-sized faceted inclusions, formed prefer-
entially on the Cu grain boundaries. The corresponding EDX O K
and Cu K elemental mappings (Fig. 3b and c) disclose that
oxygen is almost entirely concentrated in the crystalline
inclusions, with a ~33% atomic concentration, matching the
stoichiometry of Cu,O; while the dark background corres-
ponds to very weakly oxidized Cu, with less than 1.5% in
oxygen (see the corresponding spectra in Fig. S7a and bf). In
Fig. 3d, micro-Raman spectroscopy (1RS) further corroborates
that the spectrum recorded on the particles corresponds to
Cu,0'"?” and that the background is weakly oxidized. Besides,
the Ellingham diagram for the Cu/O, couple (4Cu + O, <
2Cu,0) confirms that Cu,O is stable under the considered O,
partial pressure and temperature conditions (see ESI section
91 for more details).”® Finally, in two complementary control
experiments, we see that the average Cu grain size is not
altered after prolonged (see Fig. 3e-g and ESI section 1071) or
repeated (Fig. S8a and bf) S#1:noH, annealings, proving that
the recrystallization is frozen.
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Fig. 2

(a) Electron-backscattering diffraction out-of-plane inverse pole figure map of a Cu sample after S#1:H,/S#2:H,. (b) Photograph of a

3 x 1 cm? Cu stripe cut from a 3 x 3 cm? piece after S#1:noH,/S#2:H,, with three colored circles locating where the maps are recorded. Electron-
backscattering diffraction out-of-plane (c—e) and in-plane (f—h) inverse pole figure maps at the three locations, with a frame colored according to
the circles in (b). The corresponding inverse pole figure is in inset to each inverse pole figure map.

Based on the knowledge gained through the previous
experiments, we propose the following scenario. During the
first minutes of annealing under argon, the grain boundary
mobility is high enough to enable the average Cu grain size to
increase under the effect of the temperature (primary recrystal-
lization). The conditions of temperature and residual oxygen
partial pressure evolve in such a way that they become favor-
able to the formation of Cu,O inclusions. These particles end
up pinning down the Cu grain boundaries, even provoking the
stagnation of the recrystallization. These conditions are very
propitious to abnormal grain growth.*> So, when hydrogen is
introduced in the reactor and the Cu grains are suddenly
unpinned, the recrystallization is strongly driven to proceed by
abnormal grain growth.

After unveiling the mechanism underlying the trigger of
abnormal grain growth, we further investigate the growth of
graphene on the (111)-reconstructed Cu foils. The standard
conditions (growth following S#1:H,/S#2:H,) lead to mis-
aligned, monolayer graphene domains with a lateral size of
10-15 um (apex to apex) as can be seen in the SEM image dis-
played in Fig. 4a. This is commonly reported in the literature
for graphene synthesized without any special pretreatment of
the Cu foil.>"? Not content with accelerating the (111) recon-
struction, the S#1:noH,/S#2:H, pre-growth conditions also
result in a spectacular size enlargement of the graphene
flakes'® beyond 1 millimeter (compared to 50-100 pum for
Brown et al.>® and Nguyen et al.>*), and very interestingly, the
different graphene domains are aligned (Fig. 4b). By contrast,
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Fig. 3 Scanning electron microscopy image (a), energy-dispersive X-ray spectroscopy O K (b) and Cu K (c) mappings of a Cu foil after S#1:noH,.
(d) Micro-Raman spectrum of a Cu,O inclusion shown by optical microscopy in the insert. Surface of three Cu foils annealed for (e) 30 min, (f) 1 h or

(g) 2 hin argon only.

unlike Zhou et al.,'* it is found that the reverse pre-growth

sequence (S#1:H,/S#2:noH,) leads to a much higher nuclea-
tion density, resulting in smaller hexagons (<50 pm) and in
multilayer patches (Fig. S91). This is most probably due to a
much higher number of Cu oxide particles formed during
S#2:noH, which are preferential sites for graphene nuclea-
tion.”® Annealing in hydrogen has indeed a short range
polishing effect on the Cu foil,"**° smoothing out Cu oxide
particles and others defects (rolling striations, etc.), thereby
strongly decreasing the nucleation density (Fig. S10t). The
top part of Fig. 4c gives an additional illustration of merged
graphene flakes aligned growth over ~7 mm (it is composed
of two low magnification SEM pictures stitched together). As

mentioned in the ESI (Fig. S1f), the edges of the foil
remains polycrystalline due to mechanical strain.
Consequently, the graphene domains are inevitably mis-
aligned at these locations. In the inset to Fig. 4c, we also show
one representative low-energy electron diffraction pattern
acquired on the same sample (three others are available in
Fig. S111). They all display a single set of diffraction spots
corresponding to the hexagonal symmetry of both the
Cu(111) and graphene lattices aligned with each other. The
small lattice mismatch and the relatively large size of the diffr-
action spots due to the uneven foil prevents from resolving the
graphene and Cu(111) diffraction spots, as reported by Brown
et al.”® The diffraction data strongly support the epitaxial align-
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Fig. 4 Scanning electron microscopy (SEM) image of graphene flakes grown on Cu after (a) S#1:H,/S#2:H, or (b) S#1:noH,/S#2:H. (c) SEM picture
illustrating graphene alignment at the centimeter scale. Inset: low-energy electron diffraction pattern taken on the sample.

ment between the quasi-monocrystalline Cu(111) foil and
graphene.

Next, we evaluate the structural quality of the as-grown gra-
phene flakes by uRS. Fig. 5a exhibits a 800 pm-wide hexagonal
graphene flake transferred onto a Si/SiO, (300 nm-thick)
substrate. Fig. 5b—e presents the corresponding uRS mappings
of the 2D-band full width at half maximum (Ip =
25.8 + 1.4 em™"), the 2D-band shift (w,p = 2684.4 + 0.8 cm ™),

1590

1588

1586

1584

1582

1580

Fig. 5
Raman spectroscopy mappings of the (b) 2D-band full width at half maxi
integrated intensity ratio.

the G-band shift (wg = 1582 + 1.1 cm™ "), and the ratio between
the 2D and G integrated intensities (I,p/Ig = 2.3 + 0.5). The
values of each figure of merit match the typical values of high-
quality CVD-grown monolayer graphene.>"*"* In Fig. $12,T we
plot 10 full spectra recorded at random locations on the
sample. From these spectra, one can barely distinguish the
defect-related D band located at 1350 cm ™" (in some points, it
is even not visible), testimony to the very good structural
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(a) Optical microscopy picture of a 800 pm-sized monolayer graphene domain transferred onto a Si/SiO, substrate. Corresponding micro-

mum, (c) 2D-band shift, (d) G-band shift, and (e) 2D-band over G-band
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quality of the graphene flakes. Comparing our data with values
for suspended exfoliated monolayer graphene, taken as a refer-
ence for unperturbed graphene (Ip ~ 22 cm™, wyp =
2677 ecm™'),*" we can see that I, (25.8 cm™") is very slightly
broadened and w,p (2684.4 cm™") is weakly upshifted. The I',p
broadening can be the sign of doping (arising from the SiO,
substrate, from contaminations over and/or under graphene,
from moisture, etc.), while it can also reflect the averaging of
nanometer-scale strain variations in the graphene flakes.*' **
The w,p, stiffening can also be attributed to doping and strain
in graphene.*' Disentangling the two effects is difficult since
CVD graphene is unavoidably strained and doped. Likewise,
the spread on the data can be ascribed to local variations in
doping and strain.

Nanobeam electron diffraction (ED) analyses by trans-
mission electron microscopy (TEM) are also performed to
demonstrate the single-crystalline nature of the graphene

75.0 1

4

72.5 1
70.0 -
67.5 -

65.0

5()

62.5 - n
60.0

57.5 4

flakes.***> Fig. 6a shows an optical microscopy picture of a

1300 pm-wide hexagonal graphene flake covered by a poly-
(methyl methacrylate) support film, transferred onto a TEM grid.
Up to 25 ED patterns are acquired through the holes of the TEM
grid (Fig. S137). Fig. 6b displays some of the most representative
ED patterns. All of them correspond to monolayer single crystal-
line graphene oriented along the [0001] zone axis. No evidence
of extended defects or turbostratic multilayers can be inferred
from these data. Fig. 6¢ plots the evolution of the § angle (angle
between the [0—110] plane and the horizontal axis, see Fig. 6b)
with the covered path. Along the pathway (seen in Fig. 6a) cover-
ing more than 4.3 mm, the & values are centered on a mean
value of 63.2 + 0.6° (with a 95% confidence interval). This con-
firms the good crystallinity and the single crystalline nature of
the monolayer graphene flake on its entire area. Both pRS and
TEM testify to the excellent quality and spatial uniformity both
of the graphene synthesis and the transfer process.

55.0

T & T %

2 3 4 5

Distance (mm)

Fig. 6

(a) Optical microscopy image of a 1.3 mm-sized monolayer graphene hexagon covered with poly(methyl methacrylate) transferred onto a

transmission electron microscopy grid. Red squares highlight the areas where the 25 corresponding electron diffraction (ED) analyses are performed.
(b) The most representative ED patterns, labeled according to the analyzed area. (c) Variation of the § angle along the covered pathway shown by the

dotted line in (a).
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Conclusions

The present work details an innovative method to grow single-
crystalline graphene sheets by CVD, where residual oxygen in
the gas phase proves to be doubly advantageous. The super-
ficial oxidation of cold-rolled polycrystalline Cu foils simul-
taneously (1) accelerates the foil recrystallization in the (111)
orientation and (2) drastically lowers the nucleation density.
Growing graphene on such Cu(111) templates leads to high-
quality monolayer single-crystalline graphene flakes spanning
more than 1 millimeter, aligned at the centimeter scale.

Crucially, we reveal abnormal grain growth as the mechan-
ism underlying the Cu reconstruction. Combined with other
techniques, it can prove useful in the endeavor towards full
control and understanding of graphene CVD growth.
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