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ABSTRACT We report that the shape, orientation, edge geom-

etry, and thickness of chemical vapor deposition graphene domains
can be controlled by the crystallographic orientations of Cu
substrates. Under low-pressure conditions, single-layer graphene
domains align with zigzag edges parallel to a single Æ101æ direction
on Cu(111) and Cu(101), while bilayer domains align to two
directions on Cu(001). Under atmospheric pressure conditions, hexagonal domains also preferentially align. This discovery can be exploited to generate
high-quality, tailored graphene with controlled domain thickness, orientations, edge geometries, and grain boundaries.
KEYWORDS: graphene . CVD . Cu . orientation . crystallography . EBSD

T

he industrial exploitation of chemical
vapor deposition (CVD) graphene crucially depends on the ability to generate large-area sheets1,2 with selected thicknesses, predeﬁned domain orientations, edge
geometries, and grain boundaries which govern the electronic structure,3 6 chemical
activity,7 and mechanical strength.8,9 Unfortunately, precise control of CVD graphene remains unsolved despite tremendous eﬀorts
worldwide.7 The growth of large-area CVD
graphene on Cu has developed considerably
since it was ﬁrst demonstrated in 2009.1 Many
researchers have used polycrystalline CVD
graphene for device applications.2,10,11 However, the inﬂuence of constituent graphene
domains' edge geometries, orientations,
and grain boundaries on ﬁlm quality and
device performance has often been overlooked. The CVD growth mechanism has
been investigated12 16 with the aim of consistently producing uniform, high-quality graphene. Synthesis conditions, for example,
the pressure, substrate quality, and precursor
concentrations, strongly dictate the growth
mechanism of graphene domains. Hexagonally
shaped domains with deﬁned zigzag edges
were synthesized using atmosphericpressure CVD (APCVD) on Cu foils.4,17,18 These
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domains were randomly orientated on
the substrate, with misorientation between
neighboring domains introducing detrimental structural defects at boundaries.5,6
Low-pressure CVD (LPCVD) on Cu foils typically produces domains with dendritic features,14,19,20 although growth with toluene
displayed rectangular shapes.21 LPCVD on
evaporated Cu(111) ﬁlms has also produced
high-quality graphene.22 Low-energy electron microscopy and periodic Moiré patterns revealed that graphene forms epitaxially on single crystalline Cu,13,16,23,24 but
individual domain orientations, edge geometries, and grain boundaries were not investigated. Recently, aligned hexagonal domains were demonstrated using liquid
Cu,25,26 but the orientation relationship between graphene domains and the many
diﬀerent grains that compose a Cu foil (e.g.,
Cu(001), Cu(111), Cu(101), and high index
surface orientations) remains unclear. Indeed, under particular synthesis conditions,
researchers have claimed that no epitaxial
relationship exists because graphene domains misorient within one Cu grain and
show invariant orientation across Cu grain
boundaries.4,20 The ability to control the
thickness and orientation of individual
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Figure 1. Shape and orientation dependence of LPCVD graphene domains on polycrystalline Cu. a. Low-magniﬁcation
SEM image demonstrating uniform growth of LPCVD graphene domains on high-purity (99.999%) Alfa Aesar polycrystalline Cu foil. Variations in domain growth on diﬀerent Cu grains is discernible even at low magniﬁcation, while increased
nucleation along cold rolling striations is visible (indicated by white arrows). The white box indicates region depicted in
b d. b. Optical micrograph of graphene domains on Cu foil clearly revealing a triple point and twin at the center of the
image. Graphene domains formed across grain boundaries and surface terraces. c. SEM image of the same region
highlighting variation of LPCVD graphene domain shape and orientation on diﬀerent Cu grains. A graphene domain spanning
across two Cu orientations, Cu{001} and Cu{101}, and changing shape is indicated by the yellow arrow, while the red arrow
indicates a domain changing edge orientation across two misoriented grains sharing the same surface normal, Cu{101}. d.
Surface normal-projected inverse pole ﬁgure EBSD map of the same region of polycrystalline Cu using the standard EBSD color
key. Miller indices list the closest low-index crystallographic orientation of each grain, while detailed maps with overlaid unit
cubes are provided in Supporting Information Figures S2 S4. Vectors indicate the in-plane orientation of unit cells. Unlabeled
vectors on Cu(335) represent component of Æ101æ within the tilted plane, [50 3] and [0 53]. e,f,g,h. SEM images of
representative LPCVD graphene domain shapes grown on Cu{101}, Cu{001}, Cu{103}, and orientations close to Cu{111},
e.g., Cu{769}, respectively. See also Supporting Information Figures S1 S7 for SEM, optical microscopy, and EBSD characterization of additional regions.

graphene domains was identiﬁed as a key challenge
that needs to be addressed for CVD graphene to be
used in future applications.27
In this article, we report that the crystallographic
orientations of polycrystalline Cu substrates can
strongly inﬂuence the formation of CVD graphene.
Our investigations demonstrate a direct link between the atomic-scale orientation and edge geometry
MURDOCK ET AL.

of the graphene lattice on Cu surfaces and the
macroscopic growth and alignment of graphene
domains. This discovery opens a new avenue toward the controlled alignment of individual graphene
domains for producing high-quality large-area graphene for integration in transparent conducting electrodes, sensors, and nanoelectronic device
applications. 2,28 30
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Figure 2. Orientation dependence of APCVD hexagonal graphene domains on polycrystalline Cu. a,b. SEM images of
APCVD hexagonal graphene domains grown on high purity (99.999%) Alfa Aesar Cu foil, demonstrating alignment to one
direction on Cu{111} and two directions on Cu{001}, respectively. c,d. Low magniﬁcation, 1000  900 μm, surface normalprojected inverse pole ﬁgure EBSD maps of high-purity (99.999%) and low-purity (99.8%) Alfa Aesar Cu foil, respectively,
with color key inset. e. SEM image of APCVD hexagonal graphene domains grown on low-purity (99.9%) Goodfellow Cu foil,
demonstrating alignment to one direction on Cu{101}. f. Low magniﬁcation, 1000  900 μm, surface normal-projected inverse
pole ﬁgure EBSD map of low-purity (99.9%) Goodfellow Cu foil, demonstrating prevalence of grains with orientation near
Cu{101} and Cu{111}.

RESULTS AND DISCUSSION
Distinctive shapes of single crystal graphene domains with speciﬁc orientations were synthesized
using LPCVD and APCVD in conjunction with high
relative hydrogen pressures on high-purity Cu substrates (99.999%, Alfa Aesar). Following LPCVD, isolated
graphene domains grew uniformly across substrates
(>2 cm2) (Figure 1a,b) owing to a purposely selected
short synthesis time (1 min) to avoid signiﬁcant domain
coalescence. Domain growth continued across largescale topographical features, e.g. cold-rolling striations,
Cu grain boundaries, and surface terraces, though
some inﬂuence on domain alignment, shape, and
nucleation density was observed. Distinct shapes and
orientations of LPCVD graphene domains were identiﬁed on diﬀerent regions of the substrate with variations corresponding to diﬀerent Cu grains and grain
boundaries.
We used scanning electron microscopy (SEM)
(Figure 1c) and electron backscatter diﬀraction (EBSD)
mapping (Figure 1d) to correlate the diﬀerent LPCVD
graphene domain shapes and their orientations with the
MURDOCK ET AL.

crystallographic orientation of the respective Cu grains
and identiﬁed four predominant cases:
• Four-lobed, parallel-sided domains (Figure 1e) on
Cu(101) (green), orientated in one direction, i.e.,
[ 101].
• Four-lobed, parallel-sided domains (Figure 1f) on
Cu(001) (red), orientated in two ∼90 rotated
directions with equal probability, i.e., near [110]
and [ 110].
• Six-lobed, star-shaped domains (Figure 1g) on
tilted and high-index Cu grains, e.g., Cu(103)
(orange), with only minor alignment, i.e., [ 331].
• Hexagonal-edged elongated domains (Figure 1h)
on orientations close to Cu(111), e.g., Cu(335)
(purple) and Cu(535) (blue), orientated in one
direction, i.e., [ 110]. Hexagonal edges align to
components of [10 1] and [0 11] in the plane of
the tilted surface, i.e., [50 3] and [0 53] for
Cu(335).
While the four-lobed domains on Cu(101) and Cu(001)
show similarities to those previously reported,14,15 the
parallel edges and alignment suggest that additional
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Figure 3. Computational modeling of graphene clusters on Cu{101}, Cu{001}, and Cu{111}. a,b,c. Three-dimensional side-on
view of the crystal structure of Cu(101), Cu(001), and Cu(111), respectively, with surface normal pointing upward as indicated
by vectors. Diﬀerent colored spheres represent the second (third) atomic layers. Cu(101) is the most open surface displaying
the conspicuous channels that promote deposition√and surface diﬀusion in [ 101] direction.32 d. Cu(101) 2-fold symmetrical
rectangular
lattice with unit cell a = 3.615 Å and a( 2/2) = 2.556 Å. e. Cu(001) 4-fold √
symmetrical square lattice with unit cell
√
a( 2/2) = 2.556 Å. f. Cu(111) 6-fold symmetrical hexagonal lattice with unit cell a( 2/2) = 2.556 Å. g,h,i. Model graphene
preferential edge orientation with Cu Æ101æ
domain, C28, on Cu(101), Cu(001), and Cu(111), respectively, demonstrating
√
direction(s), taking into account the graphene zigzag edge (acc 3 = 2.46 Å) and armchair edge (3acc = 4.26 Å). j,k,l. Total
electron density plot of Cu{101}, Cu{001}, and Cu{111}, respectively. Red circles correspond to the surface atoms (high electron
density), while regions with depleted electron density are equivalent to available adatom sites (labeled A). m,n,o. Total electron
density contour plot for graphene cluster, C28, on Cu(101), Cu(001), and Cu(111), respectively, projected at the interlayer plane
between the substrate and C28. Electron density increases from blue to red. Strong one-to-one hybridization occurs along the Cu
Æ101æ direction between the electron orbitals of the zigzag edge atoms of C28 and Cu surface atoms on Cu(101) and Cu(001),
indicated by yellow lines. Weaker one-to-two atom bonding between one C and two Cu atoms is observed on Cu(111).

Figure 4. Wave function representation of graphene cluster on Cu{101}. a. Wave function at the Fermi level for free-standing
C28 graphene cluster, showing the 2p C orbitals along the zigzag edges. b. Wave function at the Fermi level for Cu{101}
surface layer. Lobes of the 3d electrons point outward, while characteristic channels show electron depletion. c. Wave
function at the Fermi level for C28 graphene cluster on Cu{101}. Blue and red regions correspond to the positive and negative
values of the wave function, respectively. On the zigzag edge of C28, the red lobes of the 2p C orbitals hybridize with red lobes
of the 3d Cu orbitals to form directional bonds (solid yellow lines), while blue lobes represent active sites. On the armchair
edge of C28, hybridization occurs between neighboring C atoms (dashed yellow lines).

factors inﬂuence domain formation. For orientations
close to Cu(111), the presence of terraces and lattice
steps inﬂuence the growth causing elongation of
MURDOCK ET AL.

domains parallel to the step direction, i.e., [ 110].
Similarly, terraces on tilted and high-index Cu grains
such as Cu(103) cause minor domain alignment as
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multiple factors inﬂuence domain growth (see Supporting Information).
SEM and EBSD mapping also demonstrated that
when LPCVD graphene domains crossed Cu grain
boundaries their shape and orientation changed accordingly because of the diﬀerent Cu crystallographic
orientations. Transitions occurred for domain growth
over two diﬀerent Cu crystallographic orientations, e.g.,
MURDOCK ET AL.

VOL. 7

’

NO. 2

’

1351–1359

’

ARTICLE

Figure 5. Spatially resolved Raman spectroscopy maps (90
 90 μm2) corresponding to the Cu substrate area depicted
in Figure 1. a. Map showing variation of 2D and G peak
intensity ratio, I2D/IG, for graphene domains on diﬀerent Cu
grains. Black lines indicate Cu grain boundaries. On Cu{103}, Cu{535}, and Cu{335}, the ratio is I2D/IG > 3 demonstrating single-layer graphene. On Cu{001}, the ratio is 1 <
I2D/IG < 2 indicating bilayer graphene. On Cu{101}, the ratio
varies but is consistently I2D/IG > 1, indicating that both
single and bilayer graphene form. A change in I2D/IG is
observed for graphene domains spanning across two Cu
orientations, e.g., Cu{001} and Cu{535}, indicated by the
red arrow. b,c. 2D and G peak position, respectively, illustrating shifts in the peak position correlating with Cu
crystallographic orientation. The peak-shift is a result of
substrate-induced strain (see Supporting Information).

Cu{001} and Cu{101} (Figure 1c; yellow arrow), and for
growth over two misoriented grains sharing the same
surface normal, e.g., domains growing across two
neighboring Cu(101) grains that possess a relative inplane misorientation of 68 (Figure 1d; green, and pale
green regions) align to the [ 101] direction of each
grain (Figure 1c, red arrow; Supporting Information
Figure S5). The edge orientations of graphene domains
are therefore directly related to a speciﬁc crystal direction of the Cu surface, and not solely to the crystallographic orientation. Graphene domains therefore
grow epitaxially with preferential orientation along
the Cu Æ101æ direction.
Characteristic hexagonal-shaped graphene domains
were also synthesized via APCVD on high-purity Cu
substrates (99.999%, Alfa Aesar) and showed edge
alignment parallel to Æ101æ, in one direction on Cu{101}
and Cu{111} (Figure 2a), and in two ∼90 rotated
directions on Cu{001} (Figure 2b and Supporting
Information Figure S11). This is identical to our observations for LPCVD growth. It is noteworthy that
domain alignment was not immediately discernible on
Cu{001} due to the 6-fold symmetrical hexagonal
domains orientating to the two Æ101æ directions on this
surface. We also conducted investigations with commonly used low-purity Cu foils (99.8%, Alfa Aesar) and
again observed preferential alignment of the hexagonal
graphene domains (see Supporting Information Figure
S12). On this substrate, the domains showed an increased misalignment compared to high-purity Cu foils,
which we believe is due to greater topographical variations. EBSD mapping demonstrated that the high-purity
Alfa Aesar Cu foils contain Cu{101} and Cu{111}
(Figure 2c), while the low-purity Alfa Aesar Cu foils are
dominated by Cu{001} (Figure 2d) resulting in edge
alignment of hexagonal domains to two ∼90 rotated
directions. The abundance of Cu{001} on the low-purity
Alfa Aesar Cu foils explains why alignment has not
been previously identiﬁed on this substrate. In comparison, distinctive edge alignment of hexagonal domains is easily identiﬁed on low-purity Cu foils purchased from an alternative supplier (99.9%, Goodfellow)
(Figure 2e) due to the prevalence of large grains with
orientations near Cu{111} and Cu{101} (Figure 2f). Epitaxial growth and edge alignment is therefore observed
for a wide range of synthesis pressures and with various
purities of Cu foil, with the crucial requirement for alignment of domain edges to one direction being the
presence of Cu grains exhibiting crystallographic orientations of Cu{101} or Cu(111}.
The discovery of substrate-controlled edge alignment of hexagonal graphene domains is an important
advance toward the development of high-quality,
large-area CVD graphene composed of perfectly
orientated hexagonal domains that merge together
with ideal, low-angle, defect-free grain boundaries. Our
studies clarify why, to date, this phenomenon has been
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Figure 6. TEM and SAED studies of graphene domain edge geometry and thickness. a. Low-magniﬁcation TEM image of a
single domain identiﬁed as originating from Cu{001} orientation owing to (i) characteristic 4-lobed, parallel-sided shape, and (ii)
the domain's proximity to other domains 90 misoriented. The domain was conﬁrmed as single crystalline because of the invariant
orientation of SAED patterns taken across the substrate at points 1, 2, and 3 (see insets). Irregular contrast due to PMMA residues is
also visible. b. SAED over entire domain elucidates orientation of graphene lattice. c. Orientation of graphene lattice from b,
indicating zigzag geometry of the long axis (red dashed line in a and c). d. High-resolution TEM imaging of the domain originating
from Cu{001} conﬁrmed bilayer graphene and revealed that the PMMA transfer process damaged the pristine zigzag edge
geometry.4 e,f,g,h. High-resolution imaging, associated FFT, SAED pattern, and associated line proﬁle, respectively, for a diﬀerent
graphene domain originating from Cu{101} or an orientation close to Cu{111}, conﬁrming domain as single-layer graphene.

largely overlooked. We found that epitaxial growth and
alignment occurred for LPCVD and APCVD synthesis,
for low-purity and high-purity Cu (99.8% and 99.999%),
and for Cu foil sourced from two diﬀerent suppliers
(Alfa Aesar and Goodfellow). We therefore conclude
that epitaxial growth is directly related to the crystallographic orientation of the Cu substrate, and is independent of the Cu purity and supplier.
As large-area graphene domains are commonly
single crystalline, we hypothesize that their alignment
can be dictated by a preferential orientation of nanoscale nucleating domains on the Cu surface. Computational modeling provides an opportunity to investigate
MURDOCK ET AL.

this, corroborating our experimental observations and
providing further insight. We modeled the three lowindex orientations, Cu{101}, Cu{001}, and Cu{111},
which exhibit rectangular, square, and hexagonal lattices,
respectively (Figures 3a f), and found that the hexagonal graphene lattice shows varying aﬃnity for the
diﬀerent orientations. Therefore, a decisive factor during
domain formation is the minimization of lattice mismatch
between graphene and the Cu. Electron hybridization
may also stabilize and promote domain growth.
Figure 3g i show a model graphene cluster (C28)
relaxed on each surface demonstrating orientation of
zigzag edges with the Æ101æ direction, irrespective of Cu
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orientations of the Cu substrate (Figure 1d). Since I2D/
IG > 2, single-layer graphene preferentially forms on
Cu{103} and orientations close to Cu{111}, i.e., Cu{535}
and Cu{335}. Bilayer graphene forms on Cu{001} since
1 < I2D/IG < 2. These observations agree with results by
Wood et al.33 indicating that single and multilayer
graphene form on Cu{111} and Cu{001}, respectively.
Graphene domains spanning across Cu{535} and
Cu{001} show both single and bilayer spectra, dictated
by the underlying Cu grain. The crystallographic orientation of the Cu substrate therefore strongly inﬂuences the
type of LPCVD graphene that forms. We believe that the
thickness variations of LPCVD graphene domains on
diﬀerent Cu crystallographic orientations arise from differences in the interaction between the domains and
the substrate surface. Nie et al.34 have recently demonstrated that bilayer graphene can form from secondary layers growing underneath an initial domain. Our
computational modeling indicates less aﬃnity between
the graphene adlayer and Cu{001} compared to other
Cu crystallographic orientations, which would increase
the likelihood of diﬀusion of carbon species underneath
domains on Cu{001} and the formation of bilayer
graphene. Further investigations will be necessary to
fully understand and optimize this phenomenon.
The eﬀect of substrate-induced strain in graphene
domains is also detected by spatially resolved Raman
spectroscopy, as 2D and G peak positions vary with Cu
crystallographic orientation (Figure 5b,c; Supporting
Information Figure S13).
Edge geometries of LPCVD graphene domains were
investigated by correlating transmission electron microscopy (TEM) images (Figure 6a) with the orientation
of selected area electron diﬀraction (SAED) patterns
(Figure 6b,c). The long axes of domains were found to
be zigzag for all investigated. Consequently, the two
parallel edges of the LPCVD graphene domains show
zigzag geometry (Figure 6c). While multilobed graphene domains may be composed of several single
crystals,9,15 SAED patterns taken from multiple regions
across a domain did not rotate relative to each other,
thereby demonstrating single crystal graphene (insets,
Figure 6a).
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crystallographic orientation. C hexagons preferentially
locate above Cu atoms at available adatom sites, i.e., low
electron density sites (Figure 3j l). Although alternative
orientations of C28 on anisotropic Cu{101} produced a
lattice mismatch (Supporting Information Figure S14), on
Cu(001) the C28 cluster showed equivalent preference to
align with zigzag edges parallel to [110] or [ 110] due to
the symmetrical lattice (Figure 3e).16,23,24 This is in agreement with the experimentally observed alignment of
graphene domains to one direction on Cu{111} and
Cu{101}, and two ∼90 rotated alignments on Cu{001}.
The characteristic zigzag edge dangling bonds of
graphene,31 represented in C28, form directional bonds
with Cu surface atoms along the Æ101æ direction(s) on
Cu{101} and Cu{001}, thereby stabilizing the cluster
(Figure 3m,n), while on Cu{111}, the zigzag edge atoms
hybridize with two neighboring Cu atoms (Figure 3o).
The outermost armchair edge atoms of C28 hybridize
mainly among themselves, as reported for graphene
armchair edges,31 and for all surfaces, there is enhanced
electron density near the corner of the C28 cluster
representing potential growth sites in the [ 101] direction, i.e., corresponding to experimentally observed
lobes in LPCVD domains.
The wave function at the Fermi level (WF) of C28 shows
characteristic open 2p C orbitals along the zigzag edge
(Figure 4a).31 For Cu(101), with 3deg orbitals of surface
atoms pointing outward, the WF demonstrates that the
surface channels32 exhibit electron depletion aligned
along the [ 101] direction (Figure 4b). When C28 is
placed on Cu{101}, the zigzag edge atoms alternate
between hybridizing with the surface and manifesting
active sites, while armchair edge atoms instead hybridize among themselves (Figure 4c).
The presence of the surface channel, emergence of
2p-3d hybridization, and the relatively small lattice
mismatch explain the experimentally observed stability
and [ 101] orientation of graphene domains on Cu(101).
For channel-free surfaces, such as Cu{001} and Cu{111},
growth is likely to occur along the zigzag edge, in agreement with calculations for the favorable attachment of
monomers to armchair edges.17 Zigzag edges are therefore promoted on Cu{001} and Cu{111}.
Besides the inﬂuence of lattice matching and electron
density correlations on the growth of graphene, the role
of hydrogen is crucial in the CVD reaction mechanism.
Hydrogen may act as a co-catalyst, promoting growth
preferentially along the Cu Æ101æ direction(s), or as an
etchant, thereby restricting growth to zigzag edges.18
Apart from domain orientation, technological applications are crucially dependent on the thickness and
edge geometry of graphene materials. Spatially resolved Raman spectroscopy (Figure 5 and Supporting
Information Figure S13) revealed that the quality and
thickness of LPCVD graphene domains are dictated by
Cu crystallographic orientations. Raman peak intensity
ratios (I2D/IG) (Figure 5a) correlate with crystallographic

CONCLUSION
We have demonstrated that the shape, orientation,
edge geometry, and thickness of CVD graphene domains strongly depend on the crystallographic orientation of polycrystalline Cu substrates. Graphene
domains form epitaxially with macroscopic edges orienting parallel to Cu Æ101æ direction(s). LPCVD graphene domain thickness and edge geometry are also
dictated by the substrate, with high-quality singlelayer graphene forming on orientations close to
Cu{111} and bilayer on Cu{001}, while aligned edges
exhibit zigzag geometry. APCVD hexagonal graphene
domains align with edges parallel to one Cu Æ101æ
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ﬁndings are essential for understanding the optimum parameters for controlling and predeﬁning
constituent graphene domains necessary for the
production of uniform high-quality, large-area graphene with selected properties.

METHODS

atomic orbitals constructed from the eigenstates of the atomic
pseudopotentials.35 The nonlocal partial core exchange correlation correction was included for Cu to improve the description
of the core valence interactions.36 An auxiliary real space grid
equivalent to a plane-wave cutoff of 100 Ry was used.
Three Cu surfaces were simulated using ﬁve-layer (4  4),
(6  4), and (3  5) unit cells forming inﬁnite slabs with {001},
{101}, and {111} surface normals, thus resulting in systems
having 188, 148, and 178 atoms, respectively. Each system was
sampled with four (2  2  1) in-plane k-points and a vacuum of
20 Å. For the graphene sheet, we used a rectangular cluster, C28,
consisting of zigzag and armchair edges. In order to verify that
the size of the system used and the contribution of edge states
does not aﬀect the obtained results, we performed calculations
with double the size of graphene adlayer-substrates (C54) and
found that the preferential orientation remains unchanged.
During the geometry optimizations, all atoms were relaxed,
except the last two layers that were kept ﬁxed, thus mimicking
the bulk positions. All calculations were performed within the
spin-polarized frame.
Conflict of Interest: The authors declare no competing
ﬁnancial interest.

Synthesis of CVD Graphene on Cu Foils. Graphene was synthesized using low-pressure chemical vapor deposition of CH4 in
the presence of H2 on 10  25 mm2 as-received 25-μm-thick Cu
foils (99.999%; Alfa Aesar, item no. 10950). The CVD setup
consisted of a quartz tube (20 mm inner-diameter) located
inside a horizontal cylindrical furnace and connected to a scroll
pump. The Cu substrates were placed inside the quartz tube
and kept 10 cm outside the furnace before the system was
evacuated to a base pressure of <0.01 Torr, purged with Ar, and
backfilled with 500 sccm H2 at 4.1 Torr. Following this, the
furnace was heated to 1035 C and left until the temperature
stabilized before the Cu substrates were rapidly heated by
shifting them into the hot zone of the furnace. The Cu substrates
were kept at 1035 C for 30 min in the presence of 500 sccm H2
to clean the surface, increase the Cu grain size, and promote the
formation of preferred crystallographic orientations. Once the
substrates were annealed, 5 sccm CH4 was introduced for 1 min
without changing the H2 flow to grow graphene on the Cu
substrate. During the graphene growth, the pressure was
4.2 Torr. After the growth period, the CH4 was switched off
and the substrates were quenched by rapidly shifting out of the
hot zone to cool in a H2 atmosphere. For APCVD, the scroll pump
was replaced with an acetone bubbler. Cu substrates were
annealed under 500 sccm H2 for 30 min. Following annealing,
the H2 flow was decreased to 300 and 5 sccm CH4 was introduced for 15 min. Low-purity Cu foils (99.8%, Alfa Aesar, and
99.9%, Goodfellow) were used for investigations following 10 min
sonication in acetic acid and rinsing in deionized water, to remove
contaminants from surface coatings applied by suppliers.21
Transfer of Graphene Samples. Graphene samples were transferred from Cu to alternative substrates using a poly(methyl
methacrylate) (PMMA) supporting film.1 PMMA (Mw ∼996 000)
was dissolved in chlorobenzene at 120 C (20 mg/mL) and dropcoated onto the graphene-covered Cu. PMMA coated substrates were then cured in an oven at 180 C for 1 min. Samples
were floated on ∼0.2 g/mL FeNO3 to etch away the Cu, leaving
PMMA/graphene samples floating on the surface of the liquid.
The etching solution was replaced with deionized water and the
PMMA/graphene samples were transferred onto the target
substrate, e.g., TEM grid or 300 nm SiO2/Si. The PMMA was dissolved using warm acetone leaving graphene on the target
substrate. Graphene-coated substrates were heated to 180 C in
a vacuum oven for 60 min to aid the removal of residual PMMA
from the surface.
Characterization of Samples. Samples were characterized by
SEM, EBSD, TEM and SAED, Raman spectroscopy, and optical
microscopy. A JEOL JSM-6500F was operated at 5 kV for SEM
imaging and 15 kV for EBSD measurements taken with 2 μm
step size. TEM and SAED were conducted on a JEOL 2010 TEM
operated at 200 kV. The rotation between the TEM images and
corresponding SAED patterns was calibrated using molybdenum trioxide crystals. High-resolution TEM was conducted on a
Titan G2 60 300 operated at 80 kV. A Renishaw inVia Raman
spectrometer equipped with a 532 nm laser and operated in
StreamLine Plus mode was used to collect Raman mapping
data. Optical microscopy was conducted using a Reichert Polyvar
MET optical microscope.
Computational Modeling. We applied the standard Kohn
Sham self-consistent density functional theory (DFT) to local
density approximation calculations using the SIESTA code. Core
electrons were replaced by norm-conserving pseudopotentials
in the fully nonlocal Kleinman-Bylander form and the basis set
was a general and flexible linear combination of numerical

MURDOCK ET AL.

ARTICLE

direction on Cu{111} and Cu{101}, and two directions
on Cu{001}. Computational modeling corroborated
experimental observations, with domain zigzag
edges preferentially aligning parallel to the Æ101æ
direction for Cu{001}, Cu{101}, and Cu{111}. Our

Supporting Information Available: Experimental and theoretical methods, additional OM, SEM, EBSD images, Raman spectroscopy. This material is available free of charge via the Internet
at http://pubs.acs.org.
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