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Abstract

The chemical vapor deposition (CVD) of graphene on Cu has attracted much attention because of its
industrial scalability. Herein, we report inductively coupled plasma-assisted CVD of epitaxially grown
graphene on (111)-textured Cu film alloyed with a small amount of Ni, where large area high quality

graphene film can be grown in less than 5 min at 800 °C, thus affording industrial scalability. The
epitaxially grown graphene films on (111)-textured Cu contain grains which are predominantly
aligned with the Cu lattice and about 10% of 30°-rotated grains (anti-grains). Such graphene films are
exclusively monolayer and possess good electrical conductivity, high carrier mobility, and room
temperature quantum Hall effect. Magnetoresistance measurements reveal that the reduction of the
grain sizes from 150 nm to 50 nm produce increasing Anderson localization and the appearance of a
transport gap. Owing to the presence of grain boundaries in these anti-grains, epitaxially grown
graphene films possess n-type characteristics and exhibit ultra-high sensitivity to adsorbates.

Introduction

Graphene, a single atomic layer of carbon, has
attracted much attention because it allows the con-
densed-matter physics of an ideal two-dimensional
system to be studied on the bench-top [1-3]. There are
many methods of preparing graphene, such as micro-
mechanical cleavage from graphite [1, 4], chemical
exfoliation methods [5, 6], epitaxial growth on SiC
[7, 8], and chemical vapor deposition (CVD) [9-11].
Among these, CVD growth on metals has emerged as
the most promising technique for industrial produc-
tion [12, 13]. During CVD growth of monolayer
graphene on metals, individual single-crystalline
grains are first formed on the surface, then the growing
graphene grains extend across the underlying metal
terraces and steps [11, 14-19]. However, most of the
grown graphene grains are rotationally misoriented or
laterally misaligned, when the grains impinge, gra-
phene grain boundaries (GBs) invariably formed at the

interfaces [14—20]. Much effort has been dedicated to
producing large-size single crystalline graphene by
suppressing nucleation density (a slow method)
[15, 17, 21, 22], or growing it from individual grains
with the same orientation (a fast method) [23-27].
There have already been some theoretical results
concerning the CVD growth mechanisms, including
both lateral and vertical heteroepitaxy [28-30]. Lateral
growth produce grains which are highly aligned with
respect to the metal substrate, with a small percentage
of 30°-rotated grains (anti-grains). From the calcu-
lated results, lateral heteroepitaxy is favored over
vertical growth in graphene growth. However, during
CVD growth, high temperatures will induce the
copper surfaces to be quasi-liquid [31] and some
copper atoms sublime [20, 24-26, 31]. This makes it
highly challenging to produce aligned graphene grains
on Cu in a consistently reproducible manner. Thermal
CVD growths of graphene on Cu usually require
temperatures exceeding 1000 °C, which is near Cu’s
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melting point of ~1084 °C. During the growth pro-
cess, at least 5nm of Cu will be sublimated from its
surface [24-26, 31]. There have been plenty of oriented
graphene growth studies recently on single-crystal
bulk Cu or films [20, 24-26, 32], but the mechanism of
how graphene grains growing laterally and merged
seamlessly to form single crystal graphene is not clear.

In the present study, we developed inductively
coupled plasma-assisted CVD (ICP-CVD) growth on
highly textured (111) and (100) Cu/Ni films at growth
temperature lower than 800 °C. A small amount of Ni
was alloyed into Cu to reduce Cu sublimation. Using
these growth conditions, we observed the lateral het-
eroepitaxial growth of graphene on Cu, giving rise to
highly aligned grains. The graphene grains had two
main orientations to the underlying metals: 0° and 30°
with £2.5° deviation. At full coverage, the aligned
grains merged seamlessly with only buckled wrinkles
and the graphene film possessed high conductivity,
high carrier mobility, and quantum Hall effect
(QHE) even at room temperature (RT). Owing to the
presence of GBs in the coalesced anti-grains, the
films also exhibit n-type doping and other interesting
properties.

Results and discussion

Lateral heteroepitaxial growth of graphene
Graphene grains and films were grown on smooth
single-crystalline Cu/Ni (10:1) films, which were
prepared by sputtering Cu/Ni alloy onto c-plane
sapphire at 300 °C and subsequently annealing it at
800 °C for 10 min. After this treatment, these alloy
films exhibited mainly (111) facets with atomic
smoothness (figure S1) [25, 32, 33]. ICP-CVD was
carried out to attempt the lateral heteroepitaxial
growth of graphene. The plasma-assisted process has
several advantages over the more commonly used
thermal CVD process. Firstly, the plasma-assisted
process can be carried out at a substrate temperature
lower than 800 °C, which prevents the roughening and
sublimation of the catalyst surface. It is worth noting
that recently, plasma-assisted CVD has realized the
growth of thick graphene films on Ni catalyst [34-36]
as well as monolayer graphene film with micron-sized
grains on copper foils at temperatures lower than
400 °C [37]. Secondly, the nucleation density can be
controlled by adjusting the plasma power, which
affects the dissociation of the hydrocarbon feedstock
and the concentration of radicals in the gas phase.
Moreover, the slight alloying with Ni in the catalyst
can effectively reduce the sublimation of Cu and help
with surface crystallization (figure S2).

Figures 1(a)-(d) show the atomic force micro-
scope (AFM) height and phase (inset) images of gra-
phene grains recorded at different growth times. The
dark regions on the phase images are graphene grains
consisting of dendritic lobes. There are no convex
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hexagonal regions observed across the wafers, and this
should be different to the vertical heteroepitaxial
growth of graphene on BN [38]. These dendritic lobes
are due to the diffusion-limited growth. The phase
images, which are sensitive to surfaces of different
hardness, viscoelasticity and adhesion [13], clearly
showed that most of the graphene grains are hexagons
or dendrites composed of hexagons, and most of the
hexagonal edges are aligned with the Cu[0117] steps.
The huge densities of the metal steps should provide
the initial nuclear sites. The presence of some carbon
clusters (marked by green circles), which could act as
building blocks for the graphene grains, could be
observed on the Cu surface during the initial stage of
growth.

To investigate the lattice orientation of the grains,
micro-region  low-energy electron diffraction
(WLEED) was carried out [15, 20, 24, 25] using the
same samples as shown in figure 1(d), which showed
two main sets of diffraction patterns. The stronger dif-
fraction spots (red) partly overlapped with the diffrac-
tion spots of the underlying (111) substrate, indicating
epitaxy (red-framed inset image). The weaker one
(green) was rotated by approximately ~30°, indicating
anti-orientation (green-framed). There was a spread
of about 2.5° in each orientation, which originated
from the twin structure and the nanoscale roughness
of the underlying (111) face [20, 24, 25, 33]. According
to previous experimental and theoretical results
[20, 24-26, 32, 33], graphene grown on Cu(111) shows
preferential alignment to the metal lattice. Anti-grains
arise due to edge instability and the presence of 5-7
topological defects. From the comparison of diffrac-
tion intensity, ~90% of the grains are aligned (see
figure S3).

Raman spectra of the graphene films at different
growth stages on alloy substrates are shown in
figure 1(h) [39-41]. When individual grains coalesced
into a film, the D band associated with edge defects
decreased in intensity relative to the G band, along
with a blue shift of the G peaks (1595cm '—
1610 cm™ ') and 2D peaks (2690 cm™'-2745 cm ™),
indicative of p-type doping effects from the GBs
[41, 42]. Interestingly, after the individual grains coa-
lesce into films, their Raman spectra show only low
intensity D band, which indicates that at the GB
regions, most of the edge defects fuse and reconstruct.
The much weaker D band for these coalesced gra-
phene films compared to the nanographene grown
previously by catalyst-free methods [43] suggests that
the atoms at the GBs in these lateral heteroepitaxial
grown graphene films can overcome the activation
barrier for reconstruction, i.e., repair of vacancies. Evi-
dence of this can be obtained with scanning tunneling
microscopy (STM) and aberration-corrected scanning
transmission electron microscopy (TEM) studies, pre-
sented in later sections.

It is worth noting that, even when the growth pro-
cess was interrupted, to be followed by a re-growth, we
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Figure 1. Lateral heteroepitaxy of graphene on highly textured Cu(111) (alloyed with Ni) substrates. Graphene grains at different
growth times (a) 5 s; (b) 15 s; (c) 30 s; (d) 60 s are shown. The larger images are AFM height images, and insets are phase images.
Typical hexagonal graphene grains are marked by red circles, and graphene clusters are marked by green circles. (e) LEED pattern of
the individual grains, showing two main sets of diffraction patterns (red and green circles) and the diffraction spots of the substrate
(blue circle). The inset in red is an illustration of graphene with the same orientation to the underlying (111) facet, and the inset in

green is the one with the ~30° rotated anti-grains. (f) Raman spectra of the grown graphene at different growth times on alloy
substrates, the defect-related peak nearly disappeared after 150 s of growth. The scale bars in (a)—(d) are all 200 nm.

found that similar results in terms of grain sizes and
film quality were obtained as the non-interrupted
growth process. This can be explained by the fact that
most of the grain grows by lateral epitaxy, i.e. edge
expansion due to diffusion of carbon clusters to the
edges (figure S4).

Orientation characterization

A lower temperature growth of 750 °C resulted in
smaller grain size, but the coalesced films seemed to
exhibit good quality (figure S4). To investigate this,
the structures of the GBs between orientated grains
and anti-grains were analyzed using STM and TEM.
Figures 2(a) and (b) shows the typical images in
graphene grains, where perfect hexagonal lattices
can be observed. The metal covered by graphene
still shows the oriented steps. Across the area of
100 nm x 100 nm in figure 2(a), there are no Moiré
patterns formed between graphene and underlying
Cu(111) surface, which indicates weak interactions
between them.

Aberration-corrected scanning TEM was used to
analyze the structures of the GBs between orientated
and anti-grains [18]. First, micron-sized selected-area
electron diffraction (SAED) of the freestanding film
(figure 2(c)) confirmed that most of the grains were
aligned and only ~10% of them had 30° rotational

misalignment, which echoes the results obtained with
#LEED. Due to the reactive nature at the GBs [44, 45],
residual absorbents remained even after annealing
treatments. Atomically resolved details across GB
regions and filtered images [18] are shown in
figure 2(d). The angle between the two adjacent grains
was ~29° and the main dislocations in the GB were
meandering lines of alternating pentagons (red) and
heptagons (blue) sandwiched by rows of deformed
hexagons (green) on each side. These results echo pre-
vious TEM studies of CVD graphene films with well-
stitched GBs [18], which had a higher growth temper-
ature of 1000 °C[16, 18]. The width of the GB regions
was nearly 1 nm, and one can expect that the high den-
sity of these GBs will influence the electronic and phy-
sical properties of graphene consisting of a patchwork
quilt of these GBs.

Growth on Cu(100)

According to theoretical studies of lateral heteroepi-
taxial growth, the Cu(111) facet is strongly preferred
for high quality graphene growth in contrast to
Cu(100) [28, 46, 47]. To investigate lateral heteroepi-
taxial growth on (100)-textured Cu, we sputtered Cu
on a-plane sapphire and performed CVD growth of
graphene. Instead of the hexagonal shaped grains
obtained on Cu(111), the graphene grains exhibit
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Figure 2. Orientation characterization of lateral heteroepitaxial graphene. (a) and (b) STM images of the partly coalesced graphene
film with orientated grains, showing the buckled wrinkles from grain coalescence and seamless stitching with no defective lattice in
these regions. (c) TEM images of the coalesced graphene films, the SAED showing two main sets of patterns. (d) Atomic resolution
TEM and its local filtered images at the GB region between ~29° misaligned grains, showing a GB with mostly pentagons and
heptagons. The scale bars in (a), (c), (d) are 20 nm, 1 gm and 5 nm, in the insets of (b) and (d) are both 1 nm.
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rectangular morphology on (100)-textured Cu, as
shown in figures 3(a)—(c). At a growth time of 60 s, the
coverage of graphene grains reached ~70%, which is
similar to the growth coverage of graphene at 40 s on
(111) surfaces. The growth rate on (100) facet is at least
1/3 times slower than those on (111) [20, 48], com-
pared in figure 3(d). Due to the four-fold symmetry of
the Cu square lattice, the oriented grains here have the
equal population to the anti-grains (30° misaligned).
After 150 s and 300 s of growth (figures 3(c) and S5),
some blank regions without graphene coverage
remain. The difficulty in stitching between oriented
grains and anti-grains results in a much longer time to
grow a continuous film. The lateral heteroepitaxial
growths on the (100) facet were also monitored with
Raman spectroscopy (figure 3(d)). Even after 900 s of
growth time, the defect-related peak (~1350 cm™ ") is
still present. This can be understood because the
superposition of a 6-fold symmetry graphene on a
4-fold symmetry Cu (100) creates many rotational
boundaries, which makes it difficult to form a high
quality graphene film.

Electrical properties

When the growth time was increased to more than
150 s on the (111)-textured Cu, the individual gra-
phene grains fully cover the surface and coalesce into a
continuous film. Figure 4(a) shows a typical optical
image of transferred graphene film on SiO,/Si sub-
strate [15, 49], and insets are photographs of 4 inch
graphene on alloy/sapphire and 4inch transferred
graphene on SiO,/Si wafer. The transferred graphene
film shows a highly uniform height of ~1.2 nm over a
large area (figure 4(b)). It is worth noting that the
graphene films are 100% monolayer. Under the lateral
heteroepitaxial growth, carried out in the absence of
sublimation, only monolayer graphene grains were
formed on the metal surface regardless of the growth
temperature or growth time. This robust condition for
monolayer graphene will be an important advantage
of lateral heteroepitaxy. The Raman spectra of trans-
ferred graphene films with different growth times are
shown in figure 4(c). The defect-related D bands were
reduced with increasing growth time, and the In/Ig
ratios did not change after coalescence of the grains.
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Figure 3. Lateral heteroepitaxial growth of graphene on (100)-textured surfaces. Graphene grains at different growth times: (a) 10 s;
(b) 60 s; (c) 150 s. (d) Raman spectra of the grown graphene at different growth times, the defect-related peak is still present after 900 s
of growth, and the growth rate is much slower than on (111)-textured films. The scale bars in (a)—(c) are all 200 nm.
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The G and 2D bands are blue shifted, similar to the
situation before transfer, showing p-type doping
caused by ambient exposure [41, 42].

Although most of the nanoscale grains are aligned
before fusing, GBs invariably will form due to transla-
tional misfit and the presence of anti-grains. These
films grown by the fusion of a high density of nanos-
cale grains resemble a ‘mosaic’ nanocrystalline gra-
phene, except that the grains in the film are epitaxially
aligned to the substrate, thus the coalesced film is able
to display certain fingerprints of very high quality gra-
phene such as a sharp Dirac cone when probed by
symmetry-dependent spectroscopy. In a recent work,
we have shown that mosaic nanocrystalline graphene
with a high density of aligned grains with sizes ranging
from 50 nm to 150 nm can exhibit robust Dirac cones
and phonon dispersion characteristics typical of single
crystal graphene, this is despite the fact that the probed
area averaged as many as 2.5 x 10” nanoscale
grains [50].

To investigate the effects of these GBs on the elec-
tronic properties, transferred graphene films on SiO,/
Si substrates were patterned into Hall bar devices of

~1 pm line-width by standard micro/nano fabrica-
tions. Dislocations arising from pentagon—heptagon
pairs are known to show enhanced reactivity with
adsorbates [47, 48] leading to charge transfer to/from
GBs. The charge accumulation or depletion due to
adsorbates at GB sites will induce the opposite net
charge on the surrounding graphene, leading to dop-
ing [42], We found that the position of the Dirac point
during transport measurements is highly sensitive to
the ambient, which is indicative that the film has a high
density of GBs. Graphene films exhibited p-type char-
acteristics when exposed to ambient due to the
adsorption of moisture on the GBs (figure 4(c)).
Annealing in vacuum restores its intrinsic properties,
and all of the graphene films with different grain sizes
showed n-type doping characteristics, which should
be attributed to the huge density of GBs undergoing
self-doping (i.e., charge-transfer between the GBs and
the honeycomb lattices) [42, 51-53]. Field-effect tran-
sistor (FET) carrier mobilities of ~3100 cm® V™' s~
(800 °C growth) were obtained at RT before anneal-
ing, with a neutral point at 17V (p-doped). After
annealing, the neutral point was shifted to —6 V with
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Figure 4. Electronic properties of lateral heteroepitaxial graphene films. (a) Optical image of transferred graphene films on SiO,/Si
wafer, showing 100% monolayer. Insets are photographs of graphene on alloy/sapphire and transferred on SiO,/Si wafer. (b) AFM
image at the torn border, showing that the films are uniform with an average height of ~1.2 nm. (c) Raman spectra of transferred
graphene films prepared by different growth times on SiO,/Si; the D bands were reduced with increasing growth time, before film
coalescence. (d) Transport comparison of graphene films at different measurement conditions. (e) Weak localization of different
graphene films under a small magnetic field at the gate voltage in the region of the Dirac point and without applying gate voltage. (f)
R,.and oy, of graphene films at different temperatures under a constant magnetic field of 8 T, showing the appearance of QHE even at
RT. The scalebar in (a) and (b) is 10 gm and in the inset of (¢) is 5 pm.

mobility of ~4900 cm®V~'s™'. When measured at
4 K in vacuum, the neutral point was shifted to —56 V
with higher mobility of ~9100cm*V~'s™'. This
should be much nearer the intrinsic property of the
as-grown graphene where n-type doping by GBs
manifests strongly. The same change occurred for
the films at 750 °C growth, but with stronger shifts.
Their neutral points were first shifted from 44V
(RT before annealing) to —21 V (RT after annealing),
and then to —100V (4K), with mobilities of
1900-3300cm®V's™', and  4900cm’*V s,
respectively. The graphene films had RT sheet resis-
tances of ~400 2/0J (800 °C growth) and ~700 /O]
(750 °C growth) at high carrier concentrations.

It has been suggested that GBs are major sources of
intervalley scattering, which causes weak localization
to manifest as a characteristic form of negative magne-
toresistance. To study this we have carried out trans-
port measurements on the graphene films grown on
(111)-textured Cu. Figure 4(d) shows the longitudinal
resistance (R,,) of the graphene films as a function of
the magnetic field at 4 K. When a gate voltage was
applied near the Dirac point, the resistance decreased
quickly when a small perpendicular magnetic field was
applied, resulting in a sharp peak near zero magnetic
field, which is characteristic of stronger weak localiza-
tion or Anderson localization [19, 54, 55]. From

Drude conductivity [56], their phase coherence
lengths L, for the graphene films were calculated to be
~125nm for 800 °C growth and ~82 nm for 750 °C
growth, which was similar to their grain sizes before
coalescence.

The magneto-transport properties of graphene
films were also investigated after film annealing.
Figure 4(e) shows the change in R,, and Hall con-
ductivity (o,,) for graphene films with 800 °C growth
as a function of gate voltage under a fixed magnetic
field of 8 T at different temperatures (see others in
figure S6). All of the data were transformed by tensor
inversion [57]. We found that the integer QHE man-
ifests with Landau level filling factors v of +2, +6, and
410, whereas it manifests with v of &2 even at RT
[58]. It is well known that GBs will increase the elec-
tron localization effect and suppress the QHE
[19, 57, 59]. It is therefore surprising that despite the
nanoscale grain size and the existence of anti-grains,
the graphene films possess the fingerprints of high-
quality graphene, such as QHE, good conductivity,
and high charge-carrier mobility. Therefore, these
results suggest that the presence of a high density of
GBs did not degrade the electronic quality of the film
significantly; perhaps well-stitched GBs between the
highly orientated grains maintain the robust transport
properties of graphene typical of Dirac electrons.
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Conclusions

In summary, using ICP-CVD methods, monolayer
graphene films with predominantly aligned grains
have been successfully grown on (111)-textured Cu
films at 800 °C in less than 5min. The temporal
evolution of the graphene grains from 5 s (individual
grain) to 1 min (near coalescence) during ICP-CVD
has been captured using AFM, providing insights into
its alignment and fusion. The importance of this work
is that it points out that ICP-CVD carried out under
high nucleation density condition can produce high
quality graphene film in a high throughput manner,
thus allowing industrial scalability for large area
growth on treated catalyst surfaces. This is a distinct
advantage compared to thermal CVD methods using
furnaces which typically require significantly longer
growth time for large area growth. The coalesced
graphene films produced by ICP-CVD are exclusively
monolayer, highly uniform, and they also exhibit good
electrical conductivity, high carrier mobility, and
exhibit QHE at RT despite the presence of a small
amount of anti-grains. Due to the presence of GBs and
anti-grains, the films exhibit n-type doped character-
istics and are endowed with fascinating properties
such as ultrahigh sensitivity to adsorbates. Although
lateral heteroepitaxial growth also occurs on (100)-
textured films, the stitching of GB between the grains
is difficult and the film is more defective than film
grown on (111)-textured copper.

Methods

Preparation of graphene

The partially or fully covered graphene on metal was
grown in a customized Sputter/E-beam/ICP-CVD
cluster (base pressure < 1E-6 Torr for ICP-CVD
chamber). The typical growth conditions can be
described as follows: c-plane or a-plane sapphire with
sputtered Cu/Ni (10:1) film was treated with H,
plasma at a gas flow rate of 100 sccm and a plasma
power of 200 W for 5 min, with the substrate being
heated to 750°C-800 °C at 50 mTorr. For the gra-
phene growth, a mixture of H, and CH, (Hj:
CH, = 10:1) was introduced into the chamber and
the 200 W power plasma was ignited for more than
1 min, with the total pressure maintained at 50 mTorr.
After the growth, the graphene film on the alloy metal
substrate was cooled to RT under flowing gas, main-
tained at a constant pressure of 50 mTorr. After
growth, the graphene/alloy/sapphire was spin-coated
with PMMA (996 K Mw, 4wt% in ethyl lactate,
2000 rpm for 1 min) to facilitate wet transfer of the
graphene film from the Cu/Ni alloy substrate. The
etchant used was 0.1M ammonium persulfate
((NH,4),S,03) aqueous solution. After two etchings,
the PMMA /graphene was cleaned in DI water. Finally,
the graphene was transferred onto SiO,/Si wafers for
transport studies after the PMMA was removed with
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acetone. In addition, annealing at 400 °C for more
than 30 min was needed to further reduce the doping
effect from water and PMMA.

Characterizations

The graphene films transferred on TEM grids were
observed by TEM (FEI Titan 80-300 probe aberration-
corrected scanning TEM with monochromator, oper-
ated at 60 kV). The freshly grown graphene on alloy/
sapphire was also characterized with UHV-STM
(Omicron). Before the measurements, all of the
samples were annealed in UHV at ~250 °C for 12 h to
remove the surface adsorbates and contaminants. The
crystalline structure of the fresh graphene on alloy/
sapphire was also characterized by yLEED (selected
area ~5 um) in an Elmitec LEEM III system (UHV,
base pressure <10~ '* Torr), and the applied starting
voltage was <100 V.

Device fabrications and electrical measurements
The graphene films transferred onto SiO,/Si wafers
were fabricated into FET devices for physical property
measurements. All of the electrical contacts in the
devices (Cr/Au, 5nm/80 nm, thermal evaporated)
with graphene films were patterned by e-beam litho-
graphy (Nova NanoSEM 230). Ar plasma etching
(10 mTorr, 50 W, 20s) was used for etching the
graphene. Standard lift-off processes were performed
for the final devices. After the devices’ fabrications, the
graphene films were measured under vacuum
(~10 Torr) in a physical property-measurement sys-
tem (Quantum Design EverCool II). All of the resist-
ance levels used in the main content were measured
using low-frequency lock-in detection (SR 830) with a
driving current of 5-50 nA.
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