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rowth of scalable single-crystalline
graphene with seamlessly stitched millimeter-sized
domains on commercial copper foils†

Yang Wang,a Yu Cheng,a Yunlu Wang,a Shuai Zhang,b Xuewei Zhang,a Shaoqian Yin,a

Miao Wang,c Yang Xia,d Qunyang Li,b Pei Zhao *a and Hongtao Wang*a

Chemical vapor deposition (CVD) is considered as an effective route to obtain large-area and high-quality

polycrystalline graphene; however, there are still technological challenges associated with its application to

achieve single crystals of graphene. Herein, we present the CVD growth of scalable single-crystalline

graphene by seamless stitching millimeter-sized unidirectional aligned hexagonal domains using

different types of commercial Cu foils without repeated substrate polishing and H2-annealing processes.

Compared with that reported in previous studies, herein, the average size for the hexagonal graphene

domains is enlarged by 1–2 orders of magnitude (from tens of micrometers to millimeter). The key factor

for growth is the Cu surface monocrystallization achieved by a pre-introduced oxide layer and the

sequential Ar annealing. The graphene domains exhibit an average growth rate of >20 mm min�1 and

a misorientation possibility of <2%, and seamless stitching at the domain coalescence interfaces is

confirmed by atomic force microscopy measurements.
Introduction

Copper (Cu)-based chemical vapor deposition (CVD) has been
standing out as the-state-of-the-art technique in the scalable
production of graphene due to the easy access to the monolayer
and its excellent quality.1–3 However, graphene grown by this
technique tends to have polycrystalline structures because of
the nucleation and growth of domains with different in-plane
orientations, and the resultant defective domain boundaries
probably degrade the electronic quality, mechanical strength,
and thermal conductivity of graphene.4–7 Therefore, the growth
of scalable single-crystalline graphene without domain bound-
aries should be a key step for the advancement of the CVD
technique. Current efforts to achieve single-crystalline gra-
phene growth focus on two possible strategies. The rst strategy
involves the suppression of the nucleation density of graphene
to avoid the possible formation of domain boundaries and
obtain the graphene domains as large as possible. However, in
this strategy, the growth normally requires a long period of up
ory of SoMachines and Smart Devices of
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to tens of hours.8–12 The other strategy involves a precise control
of the orientations of the graphene domain and a seamless
stitching of the adjacent domains using a single-crystalline
metal substrate such as Cu (111) and Cu (100). However, the
attempts based on this approach are oen frustrated by the
complication and cost of the Cu surface treatments such as
tenuous polishing and/or elongated annealing, tightly rolled Cu
foils into a cylinder, etc.13–18 In a recent study reported by Xu
et al., the epitaxial growth of meter-sized single-crystal graphene
was realized, but a relatively complex experimental setup with
small constituent domain sizes (<100 mm) was used, making the
probability of the coalesced domain boundaries not negligible
even with a 99% unidirectional orientation.19

Herein, we demonstrated a new pathway for the growth of
scalable monolayer single-crystalline graphene by seamlessly
stitching the unidirectionally aligned arrays of millimeter-sized
hexagonal domains using different types of commercially
available Cu foils and industrially safe atmospheric pressure
conditions. Compared with that reported in similar previous
studies,13–19 the average size for the hexagonal graphene
domains is enlarged by 1–2 orders of magnitude (from tens of
micrometers to millimeter); this further eliminates the forma-
tion of domain boundaries. The key factor that leads to the
success of this growth is the monocrystallization of the catalytic
Cu surface to centimeter-sized (111) textures by simply pre-
introducing a Cu oxide layer for high-temperature surface
reconstruction. We believe that this study will bring an impor-
tant step forward towards the industrial production of high-
quality graphene for devices and other applications.
This journal is © The Royal Society of Chemistry 2018
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Results and discussion

The growth procedure of the aHGDs is illustrated in Fig. 1a. A
commercially available Cu foil (#46365 from Alfa Aesar China
Chemical Co., Ltd.) is simply heated at 200–350 �C for 10–
30 min in the air to form an oxide layer before it is placed into
a CVD chamber. The sequent short-time hydrogen (H2)-free
annealing process reconstructs the Cu foil surface for a centi-
meter scale monocrystallization to the (111) texture. Although
the X-ray diffraction (XRD, Fig. 1b) spectra show that both the
pristine and annealed Cu foils are dominated by the (100)
texture, further investigation on the annealed Cu foil by electron
backscatter diffraction (EBSD, Fig. 1c) clearly reveals the pres-
ence of a homogenous surface with the (111) texture over a large
area. Considering that EBSD reects more structural informa-
tion within the several-nanometer depth near the crystal
surface, it is clear that a uniform thin Cu (111) layer is formed
on top of the pristine polycrystalline Cu foil. Fig. 1d displays an
image of the as-grown graphene domains on the reconstructed
Cu foil with the control parameter (pre-oxidation at 300 �C for
30 min and 60 min growth). The color contrast of graphene is
realized by slightly oxidizing the as-grown Cu foil in the air.20

The sizes of these graphene domains are approximately 0.5–2.5
millimeters, indicating a maximum growth rate of higher than
40 mm min�1. The scanning electron microscopy (SEM) image
of the graphene domains with a shorter growth period of 0.5
hour is shown in Fig. 1e. All the graphene domains observed in
the image are unidirectionally aligned on the Cu surface with
a misorientation angle of less than 1� as well as a hexagonal
shape with straight edges. Similar results of these aligned
hexagonal graphene domains (aHGDs) were reproduced on
other types of commercial Cu foils (Fig. S1, ESI†), indicating
that the oxide-assisted surface monocrystallization was irrele-
vant to the Cu production process. It also needs to be noted that
Fig. 1 (a) Schematic of the CVD growth procedure. (b) The XRD measur
are dominated by the (100) texture. (c) The EBSD results demonstrate
substrates. (d) An optical image for individual aHGDs grown for 60min. (e
of a nearly continuous graphene film coalesced by aHGDs. The exposed
aHGDs. (g) Typical Raman spectrum of aHGDs indicates the monolayer

This journal is © The Royal Society of Chemistry 2018
the growth results of these aHGDs are not inuenced by a pro-
longed annealing process with H2; this indicates that a changed
reduction gas atmosphere does not affect the established
surface monocrystallinity of Cu (Fig. S2, ESI†). Moreover, the
growth rate of a graphene lm formed by aHGDs can be tuned
by modifying the Cu pre-oxidation parameters (i.e., temperature
and time) for different nucleation densities of the domain, as
shown in Fig. S3 in ESI.† Fig. 1f shows an optical microscopy
(OM) image of a graphene sample, whose domains are on the
verge of totally coalescing together into a global continuous
lm, on Cu with the maximum lm growth rate (pre-oxidation
at 205 �C for 10 min and 40 min growth). The uncovered Cu
regions (i.e., dark orange areas) are surrounded by the straight
graphene domain edges that are parallel to each other or with
an included angle of 60� or 120�; this conrms the unidirec-
tional alignment of the coalesced graphene domains to which
these edges belong. The formed continuous graphene lm
exhibits a sheet resistance of �270 � 30 U ,�1, close to the
value reported by Xu et al. for their meter-scale graphene single
crystals.19 We have performed Raman spectroscopy with
a 532 nm excitation laser on the aHGDs transferred onto the
SiO2/Si wafers. All of their typical Raman spectra exhibit the
ngerprint of monolayer graphene with a high intensity ratio of
the 2D (�2690 cm�1) to G (�1580 cm�1) bands, a narrow and
symmetric 2D band, and a negligible D-band (�1340 cm�1,
originated from the structural defects of graphene),21 as shown
in Fig. 1g, indicating the very high quality of these aHGDs.

The uniformity and quality of the aHGDs were further
determined by the scanning Raman maps of the intensities for
the G, 2D, and D bands (Fig. 2). The graphene domain appears
in a uniform contrast when inspected by OM except for the
small sites due to the polymer residues from the transfer
process; this indicates that the layer number is uniform across
the sample. Correspondingly, in the Raman maps, most
ements show that the Cu substrates before and after graphene growth
an actual surface monocrystallization to the (111) texture for the Cu
) An SEM image for individual aHGDs grown for 30min. (f) An OM image
Cu surfaces (dark orange areas) confirm the alignment of coalesced

nature and high quality of the sample.

RSC Adv., 2018, 8, 8800–8804 | 8801
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Fig. 2 The OM image and scanning Raman spectroscopy results for
the G, 2D, and D bands for an aHGD transferred onto the SiO2/Si
substrate. Scale bars: 100 mm.
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scanned areas of the graphene domain exhibit uniform G and
2D band intensity distributions except for the domain edges,
and the average 2D-to-G intensity ratio is �1.8 � 0.3, indicative
of the monolayer nature for the whole domain. Moreover, the
Raman spectra in the whole domain present relatively low D
band intensities including the domain edges, which not only
demonstrate the overall high quality of the graphene but also, to
some extent, help conrm the zigzag edge structure for these
domains; this has been further discussed hereinaer.

Fig. 3 further presents the alignment of these graphene
domains on the Cu foil inmore details by scanning the domains
within a large view eld (10.5 � 7.5 mm2) with a 5�microscope
objective and organizing the 16 OM images together. A different
growth condition with a shorter pre-oxidation and growth time
is adopted in the sample to increase the nucleation density of
the isolated graphene domains for the analysis. Only two grain
boundaries from Cu are visible near the corners of the view
eld. The center region (region 1) between two Cu grain
boundaries clearly demonstrates the high efficiency of Cu
surface monocrystallization up to centimeter scale. The infor-
mation about the size and orientation of more than 200 aHGDs
grown on this Cu surface within these three regions is obtained
and shown in Fig. 3b and c, respectively. The diagonal sizes of
Fig. 3 (a) The obtained OM image of aHGDs on the Cu surface over �1 c
are visible in the image, demonstrating the high efficiency of oxide-assiste
aHGDs in (a), which follows Gaussian distribution. (c) Histogram of th
orientations are found in the three Cu grains, and only less than 1% grap

8802 | RSC Adv., 2018, 8, 8800–8804
these domains range from 0.1 to 1.1 mm and are tted well by
Gaussian distribution with a center value of �0.57 mm.
Considering that all the aHGDs have a hexagonal shape, it is
characterized by the orientation angle q relative to the hori-
zontal line in the OM images. For all the aHGDs shown in
Fig. 2b, their dominant orientation angles are 10�, 1�, and 40�

and solely observed in the region 1, region 2, and region 3
(Fig. S4, ESI†), respectively. Especially, among all the 177 gra-
phene domains measured in the region 1, only 3 of them exhibit
different orientation angles other than 10�, corresponding to
a unidirectional domain alignment of >98%. The above-
mentioned result also conrms a strict alignment of the aHGDs
over a distance exceeding 1 cm scale, and similar results can
also be obtained from the graphene domains in the region 2
and 3.

The unidirectional alignment of these aHGDs suggests
a possibility of seamless stitching when they coalesce, i.e., to
form a scalable single-crystalline graphene lm. Therefore, it is
of great signicance to characterize the coalescence interfaces
for the aHGDs. For this purpose, atomic force microscopy (AFM)
analysis on the aligned and misaligned graphene domains and
their coalescence interfaces was conducted. As shown in Fig. 4,
a coalescence corner (region A in Fig. 4b) by two aHGDs is
chosen for the lateral force (friction), current, and deection
(error signal) measurements, and the results are presented in
Fig. 4c. Except for the regular terraces of the underlying Cu
substrate, all signals are rather homogeneous within the
domains as well as at the coalescence interface where a domain
boundary is supposed to appear if any. By contrast, for a coa-
lescence interface formed by two misaligned graphene
domains, the clearly enhanced signals of lateral force, current,
and deection are detected, as shown in Fig. S5 in ESI.†
Apparently, the contrasts of lateral force, current, and deection
signals at the coalescence interface of two graphene domains
are associated with the presence of domain boundaries or
overlapped step edges, resulted from the differences in the
structural and physical properties at these domain coalescence
interfaces. The AFM measurement results for the coalesced
domains with seamless stitching can be routinely reproduced
m2 scanned area (growth time: 30 min). Only two Cu grain boundaries
d surfacemonocrystallization. (b) Histogram of the size distribution for
e orientation distribution for aHGDs in (a). Three different domain
hene domains are misoriented in the same Cu grain.

This journal is © The Royal Society of Chemistry 2018
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for the aligned interfaces (Fig. S6, ESI†). We have also per-
formed the atomic-resolved AFM measurements to reveal the
crystalline orientation of two aHGDs. As seen in Fig. 4d,
a hexagonal lattice with a lattice constant of �0.25 nm can be
extracted from the data, showing a perfect agreement with the
known lattice constant of monolayer graphene (0.246 nm),23

and it is easy to derive that two aHGDs have the same lattice
orientation. Moreover, as shown in Fig. 4e, we have indicated
the zigzag directions by arrows, and apparently, the edges of
both aHGDs are along this direction; this is believed to result
from the metal-assisted H2 anisotropic etching process. This
zigzag edge structure is also consistent with the low D-band
intensities measured from the aHGD edges shown in Fig. 2.

Finally, we have further discussed the role of the Cu surface
oxide layer in the growth of millimeter-sized aHGDs. We have
conducted several control experiments using the conditions of
(a) with and without the surface oxide and (b) heating and
annealing with and without H2. As shown in Table S1 and
Fig. S7 in ESI,† with surface oxide, the graphene domains with
signicantly increased sizes can be obtained aer growth. This
can be attributed to the fact that the O residues can be
embedded into the Cu surface to make it featureless aer the
reduction.22 However, the domain alignment is only possible
when H2 is introduced during the annealing process at high
temperatures. This suggests that if it is not removed during the
heating process, the pre-treated surface oxide layer can help to
reconstruct23 and monocrystallize the Cu surface under the
reduction gas atmosphere at high temperatures; this is prob-
ably due to the enhanced pre-melting effect24,25 near the Cu
surface resulting from the adsorbed oxygen species to recon-
struct the Cu surface for the more stable (111) textures. More-
over, the CVD growth of aHGDs with different periods, as shown
in Fig. S8 in ESI,† shows that during the rst several minutes of
growth, only few domains nucleate on the Cu surface. This may
also suggest a period for the Cu surface reconstruction by the
Fig. 4 (a and b) OM images of the two coalesced aHGDs and their
interface, respectively. (c) AFMmeasurements of lateral force (friction),
current, and deflection (error signal) scanned from the region A of the
aHGD interface in (b). No apparent signal differences are detected at
the interface in all these images. (d) Atomic-resolution AFM images
and their corresponding Fourier transform images from the region B
and C in (a). The lattices in both regions exhibit the same orientation,
demonstrating the unidirectional alignment of the aHGDs. (e) Lattice
orientation detected from atomic-resolution AFM confirms the zigzag
structure of the aHGD edges. Scale bar in (e): 0.1 nm.

This journal is © The Royal Society of Chemistry 2018
sudden introduction of H2, which is not suitable for graphene
nucleation and growth. The domains later exhibit a fast rate of
�30 mmmin�1, much faster than that without the surface oxide
layer; this demonstrates that the Cu surface oxide layer can
provide surface oxygen to accelerate the growth of graphene
domains.11 It needs to be mentioned that although previous
literature has shown that large-scale single-crystal surfaces and
graphene domains can be obtained by annealing under an Ar
atmosphere,18,22,26 the results in Fig. S7† clearly demonstrate the
importance of both pre-treated Cu surface oxide layer and
annealing under a non-reduction gas atmosphere in the
enlargement and alignment of the graphene domains through
the Cu surface monocrystallization.
Conclusion

In summary, we have demonstrated the CVD growth of scalable
single-crystalline graphene by seamlessly stitching millimeter-
sized unidirectional aHGDs on different types of commercially
available Cu foils without any repeated substrate polishing and/
or hydrogen annealing processes. The key factor for the growth
is the surface reconstruction and monocrystallization of the Cu
foils achieved by pre-introducing an oxide layer and the
sequential Ar annealing. The aHGD growth shows an average
growth rate of >20 mmmin�1 and a misorientation possibility of
<2%. The AFM lateral force, current, and deection measure-
ments present no differences at the domain coalescence inter-
faces; this clearly demonstrates the elimination of domain
boundaries and seamless stitching of the domains. Compared
with that reported in previous studies, the average size for our
hexagonal graphene domains is enlarged by 1–2 orders of
magnitude (from tens of micrometers to millimeter); this
further eliminates the formation of domain boundaries. We
believe that this cost-effective and time-saving synthetic method
for large-scale single-crystalline graphene will be of signicant
attraction presenting valuable guidance for future industrial
devices and applications of high-quality graphene.
Experimental
Graphene synthesis

A piece of commercially available Cu foils (#46365, #13382, and
#42972 from Alfa Aesar China Chemical Co., Ltd., #113243 from
Nilaco Co., Ltd., etc.) was heated at 200–300 �C in the air by a hot
plate for 1–30 min to create a layer of metal oxide before it was
loaded into a CVD quartz chamber. For the growth of
millimeter-sized aligned hexagonal graphene domains
(aHGDs), an atmospheric pressure CVD process was used. The
chamber temperature was increased to 1060 �C and maintained
(total time: 70 min) under an atmosphere of Ar (1000 sccm) to
anneal and monocrystallize the Cu surface, and the pressure
inside the chamber was kept at 1 atm. For graphene growth, 20
sccm diluted CH4 (0.05% in Ar), 10 sccm H2, and 300 sccm Ar
were employed. Aer being cooled down to room temperature,
the as-grown graphene on the Cu foil was heated in the air at
160 �C for 10 min for direct visualization.20
RSC Adv., 2018, 8, 8800–8804 | 8803
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Characterizations

The characterizations of graphene were carried out by SEM (3
kV, S-3400, Hitachi Co., Ltd.), XRD (X'Pert PRO, PANalytical Co.,
Ltd.), micro-Raman spectroscopy (532 nmwavelength excitation
laser, LabRAMHR Evolution, Horiba Co., Ltd.), OM (yellow light
by Shanghai 8XB-PC from Shanghai Optical Instrument Factory
and blue light by Olympus BXFM-ILHS from Olympus Co., Ltd),
EBSD using scanning auger electron spectroscopy (AES, PHI-
710, ULVAC-PHI Inc.), AFM (Multimode 8 system equipped
with a silicon probe SNL-10 from Bruker Co., Ltd.), and high-
resolution AFM/STM (NT-MDT spectrum Instruments).
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