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he key challenge for implementing
Tgraphene in applications is the ability
to routinely fabricate large single crys-
tal graphene domains within a continuous
2D film. Chemical vapor deposition (CVD)
using copper as a metal catalyst is a promis-
ing route toward this goal.' ® However, the
quality for graphene grown by CVD is gen-
erally not as good as those exfoliated from
graphite because of the small grain size and
thus high amount of grain boundaries and
defects.”~'? Improving the size of graphene
domains is generally achieved by reducing
the number of nucleation sites.'® Recent
work has shown that preparation of the
copper surface is crucial to reducing nuclea-
tion sites.”>'* The nucleation sites are often
associated with surface roughness, impuri-
ties, and copper grain boundaries.'” Electro-
polishing of the copper foils has been shown
to improve the size of graphene domains.'
Large-sized graphene domains have been
grown using low-pressure CVD by adopting
the parcel approach, where a copper foil is
folded into a small parcel to reduce the
amount of methane entering and also pro-
vide a better environment for growth.? The
large graphene domains grown by this
method adopt a flower-like shape. Ideally it
would be beneficial to grow large domains
with hexagonal geometry, rather than flower
geometry, as these are known to be single
crystal, and will have more uniform edge
termination of the graphene lattice 372 This
is important when considering the interface
of graphene domains, which will be more
complicated when two flower shaped do-
mains connect as compared to two hexago-
nal domains.®
An alternative method of obtaining gra-
phene domains with increased size has
been to use graphene seeds as preformed
nucleation sites.>® This was achieved by
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ABSTRACT

A simple method is presented for synthesizing large single crystal graphene domains on

melted copper using atmospheric pressure chemical vapor deposition (CVD). This is achieved by

performing the reaction above the melting point of copper (1090 °C) and using a molybdenum

or tungsten support to prevent balling of the copper from dewetting. By controlling the

amount of hydrogen during growth, individual single crystal domains of monolayer graphene

greater than 200 xm are produced within a continuous film. Stopping growth before a

complete film is formed reveals individual hexagonal domains of graphene that are epitaxially

aligned in their orientation. Angular resolved photoemission spectroscopy is used to show that

the graphene grown on copper exhibits a linear dispersion relationship and no sign of doping.

HRTEM and electron diffraction reveal a uniform high quality crystalline atomic structure of

monolayer graphene.
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first growing graphene using conventional
CVD methods on copper, then using litho-
graphy to pattern seeds at regular intervals.
While this is a powerful method of control, it
requires substantially more effort and time to
obtain larger domain graphene as compared
to a one-step direct growth on copper foil
approach.

Here we present a simple one-step meth-
od to grow graphene on copper with single
crystal sizes exceeding 200 um. This is achieved
by performing the growth at 1090 °C, whereby
the copper melts and forms a liquid state.
Since the growth of graphene on copper is
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primarily a surface driven process, it does not require it
to be in a solid form. We show that control of the
supplied hydrogen during growth is essential for large
graphene crystal sizes, indicating that it plays a major
role in the catalytic process of graphene formation.'®
We have explored a wide range of parameters and
here we present the key synthesis details we have
developed that lead to desirable very large domain
graphene.

RESULTS AND DISCUSSION

To obtain and maintain a flat copper surface when
melted, a molybdenum foil support was used. This pre-
vented balling of the copper that occurs if the reaction
is performed on quartz, silicon, or other nonwetting
supports, shown schematically in Figure 1a,b. Figure 1c
shows a photo of the sample after such a procedure
with the copper well spread across the Mo supporting
film.

After exploring a wide range of experimental param-
eters, we found that using a flow rate of 80 sccm of
hydrogen and 10 sccm of CH, led to the best results in
terms of producing monolayer graphene. Reducing
the flow rate of hydrogen led to faster growth rates,
but thicker films (see Supporting Information). After
15 min of growth time with 80 sccm of hydrogen, the
reaction was stopped, and this resulted in well-defined
hexagonal graphene domains (shown in Figures 2a,b
plus the inset in 2b). The nucleation density was low
and this enabled large domains to grow. Two different
size ranges are observed; large domains greater than
100 um and smaller domains between 20 and 40 um.
Surprisingly, the hexagonal domains were aligned in
their orientation. For 15 min growth a continuous film
was not produced, only isolated domains. Figure 2
panels c and d show SEM images of the graphene after
45 min of growth, and a continuous film was observed.
Figures 2 panels e and f show the SEM images for
90 min of growth, and a continuous film was also pro-
duced. The major difference between the 45 and
90 min growth samples is that the 90 min growth
showed less contrast variation in SEM, which may
indicate more uniform layer coverage or reduced
amounts of amorphous carbon on the surface. The
SEMimages in Figures 2c—f were intentionally taken in
regions near the edge of the copper where the gra-
phene films had ruptured or not fully covered to the
edge, so that some contrast can be observed in the
images. For 45 and 90 min of growth more than 90% of
the copper is covered with a continuous film, with only
the edges of the copper deviating. Samples can be
easily trimmed around the edges to remove these
broken to leave a fully continuous 2D film of graphene.
Figure 2g shows a high magnification SEM image of the
fully continuous region of the graphene film. Color is
used to highlight the variation in contrast that arises
due to changes in the number of graphene layers.
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Figure 1. Schematic illustrations showing (a) balling of
copper on silicon and (b) flat thin film of copper on
molybdenum, after heating to melted phase (1090 °C and
cooling). (c) Photo of thin copper film on a molybdenum
support after heating to melted phase and cooling.

Lines of contrast associated with wrinkles in graphene
due to cooling are observed. Apart from the wrinkles,
the overall contrast of the graphene is uniform.

Raman spectroscopy was performed on these three
films and is shown in Figures 3 panels a, b, and ¢
for growth times of 15, 45, and 90 min, respectively.
Figure 3a shows a 2D:G ratio that is less than 1 and
indicates the hexagonal domains are likely to be more
than one layer. Figures 3 panels b and c show a 2D:G
ratio greater than 1, indicating the graphene is be-
tween 1 and 2 layers. Further evidence will in fact show
that the 90 min growth time (Figure 2g) is monolayer
graphene, and we focused our attention on character-
izing this sample in depth. We performed 2D Raman
spectroscopy mapping of the sample grown for 90 min
and extracted the intensity ratio of the 2D:G peaks as a
figure of merit for the number of graphene layers.
Figure 3d shows a 2D Raman map of graphene on the
copper after 90 min growth at 1090 °C taken over a
100 x 100p¢m2 area, in steps of 4 um. Figure 3e shows a
similar 2D map of 2D:G ratio after transferring onto a
Si0,/Si substrate, over a 200 x 200 um? area with 8 um
steps. A typical Raman spectrum of the graphene on
the SiO,/Si substrate is presented in Figure 3f. The 2D
Raman maps show that the 2D/G ratio is greater than 1
(red or green) for the majority of the sample, indicating
that more than 90% of the sample is monolayer over
this vast region."”

Further evidence that the graphene produced from
90 min of growth was monolayer was obtained by
directly imaging the atomic structure using the Oxford-
JEOL-2200MCO FEG C, aberration-corrected HRTEM at an
accelerating voltage of 80 kV. The clean transferred (clean
transfer method provided in Supporting Information)
graphene on SizN, (denoted SiN) TEM grids that contained
an array of 2.5 um holes is shown in the optical image in
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Figure 2. SEM images of graphene produced with 80 sccm hydrogen flow rate for growth times of (a—b) 15 min (inset shows
hexagonal graphene domain with 20 um scale bar), (c—d) 40 min, and (e—f) 90 min. (g) High magnification SEM image of
graphene on copper produced with 90 min growth time. Color is used to highlight contrast variation. Arrows indicate typical

wrinkles in the graphene film.

Figure 4a. Figure 4b shows a low magnification TEM
image of the holes with labeling of X, Y and Z axis to
form a labeling system for identification of specific
holes within the grid. Focused electron beam irradia-
tion is known to open up holes in graphene layers, one
by one, enabling the counting of layers. We found that
all the graphene examined using HRTEM was purely
monolayer, with no signs of small extra bilayer layers
that are often found in the CVD growth of graphene
with solid copper catalysts. Figure 4c shows a HRTEM
image of a typical region of graphene with two holes
sputtered by electron beam irradiation. These holes
directly open to vacuum and show that the graphene
is monolayer. The small disorder in the graphene film is
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caused by the electron beam irradiation and is not
intrinsic to the film. During our extensive HRTEM in-
vestigation of more than 50 individual 2 um windows
in the TEM grid, we found no signs of noticeable grain
boundaries or any intrinsic large scale defects or dis-
order. To elucidate the typical crystallite size within the
2D film we measured the selected area electron dif-
fraction (SAED) pattern from graphene along 45 con-
secutive windows of the TEM grid in the x-axis direc-
tion, starting from the 0 point in Figure 4b. Figure 4d
shows the SAED patterns for several hole windows,
numbered in the top left of each panel (i.e., x1 corre-
sponds to hole 1 along the x axis) The relative angle in
degrees, 0, of the graphene lattice was measured from
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Figure 3. Raman spectra taken on copper after growth times of (a) 15 min, (b) 40 min, and (c) 90 min, (copper background
subtracted for all spectra). (d) 2D map (100 um x 100 um, 4 um step) of the 2D:G peak ratio for graphene grown for 90 min
at 1090 °C on copper. (e) 2D map (200 um x 200 um, 8 um step) of the 2D:G intensity ratio for graphene grown for 90 min at
1090 °C and then transferred onto a SiO,/Si substrate. (f) Typical Raman spectrum of graphene grown for 90 min at 1090 °C

and then transferred onto a SiO,/Si substrate.

the SAED, as shown in the x0 plane in Figure 4d, and is
marked in the bottom left of each panel. All SAED
patterns were single crystal. Less than 2° rotation of
the graphene lattice direction is measured between x0
and x18, which corresponds to a distance of 81 um.
Between x18 and x22, a step increase of 3° occurs,
which correlated with a slight pinching of the film on
the SiN grid. Overall a lattice rotation of less than 5°
occurs between x0 and x45, which corresponds to a
distance of ~202 um. Similar measurements were
taken for windows in the y and z axes, both which
showed similar orientations. The limitation of the mea-
surements was that x45 was the last hole in the TEM
grid. These results show a remarkable 200 um single
crystal of monolayer graphene has been produced.
Analysis of the intensity of the SAED spots as a function
of tilt angle also confirmed the graphene was mono-
layer and not bilayer (see Supporting Information).
We next used microspot angle-resolved photo-
emission spectroscopy (micro-ARPES) to examine the
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graphene on copper produced by the 90 min growth
time, prior to transfer. The measurements have been
performed at XPEEM/LEEM endstation, at National
Synchrotron Light Source beamline U5UA. Data were
taken with an incident photon energy of 43 eV.
Figure 5a shows detected intensity in the k,—k, plane,
at an energy 0.7 eV below the Fermi energy, E¢, and
Figure 5b shows the E(k) intensity close to the K point,
along a line perpendicular to I'—K, indicated in
Figure 5a. The presence of multiple sets of features
shown in the micro-ARPES intensity map in Figure 5a is
attributed to terracing of the copper surface and
subsequent deviation of the graphene lattice. Figure 5b
shows a single, linear dispersion relationship close to E,
indicating monolayer graphene and no sign of doping.
This confirms that the graphene is of high quality, and
that, despite the epitaxial nature of the growth, there is
little electronic interaction with the substrate. Further
from Er the structure is more difficult to ascertain due to
contributions from both of the tilted domains.
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Figure 4. (a) Optical image of a SiN TEM grid with array of 2.5 um window holes. (b) Low magnification TEM image of the SiN
TEM grid with array of 2 um window holes. (c) Aberration-corrected HRTEM image of graphene on SiN grid after prolonged
electron beam irradiation to count the number of layers by hole opening. (d) Selected area electron diffraction patterns taken
from different regions of the SiN TEM grid, labeled (top left in each panel) according to the X, Y, Z axis scheme indicated in
panel. Measured angle (in degrees) of graphene lattice is recorded in bottom left of each panel, according to the axis defined
in the first (x0) panel.

Figure5. (a) Detected intensity in the k,—k, plane, at an energy 0.9 eV below the Fermi energy, E¢. (b) E(k) intensity close to K point,
along a line perpendicular to I'—K (indicated by the yellow line in panel a), with the Fermi energy represented by the red line.

We use electron backscattered diffraction (EBSD) to beneath the graphene after growth. Electron back-
examine the crystallographic nature of the copper scatter diffraction analysis on the copper substrate
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Figure 6. (a) Schematic showing the angle of the electron beam relative to the sample, with the normal direction (ND) and in-
plane direction (RD). (b) SEM image of graphene on copper after 15 min growth. Inset shows color codex used for labeling
copper lattice directions for electron backscattered diffraction (EBSD) maps. EBSD maps showing (c) ND of copper lattice and
(d) RD of copper lattice. Larger EBSD maps showing (e) ND of copper lattice and (f) RD of copper lattice. (g) Diagram showing
orientation of copper lattice with respect to the hexagonal-shaped graphene domain. (h) SEM image showing hexagonal
graphene domains with a red arrow indicating a copper (110) lattice direction. The red cube shows the orientation of the
underlying copper unit cell. EBSD maps for graphene with 90 min growth time, showing (i) ND of copper lattice and (j) RD of

copper lattice.

was carried out using TSL software in a JEOL JSM 6500F
FEGSEM. Figure 6a is a schematic showing the angle of
the electron beam relative to the sample and the
normal direction (ND) and in-plane direction (RD). In
our reactions, the copper reaches some form of molten
state and then rapid cooling leads to crystallization.
Figure 6b shows a SEM image (tilted by 70°) of sample
with 15 min growth time, as in Figure 2a,b, with aligned
graphene hexagons. The inset in the top right shows
the color codex used to display copper lattice direc-
tions in the EBSD maps. Figure 6 panels c and d are 2D
EBSD maps showing the crystallographic orientation of
the copper lattice along the sample normal direction
(ND) and an in-plane direction (RD), taken from the
boxed region in Figure 6b. Figure 6¢ shows that the
copper has a {110} surface, and Figure 6d shows that
there are noin-plane rotations and the copper is a large
single crystal. Figure 6panels e and f present similar
measurements, (i.e.,, ND and RD, respectively), but over
a substantially larger area of copper for the 15 min
growth time. This reveals that upon cooling the melted
copper forms a big single crystal structure with ({110}
surface. Using the EBSD map in Figure 6¢ in conjunc-
tion with the SEM image in Figure 6b enables the rela-
tive orientation of the copper lattice with respect to the
hexagonal-shaped graphene domain to be deter-
mined, shown schematically in Figure 6g. Figure 6h
shows an EBSD image quality map which clearly shows
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the hexagonal graphene domains (presumably be-
cause the graphene layer protects the Cu surface from
environmental damage which reduces the quality of
the EBSD patterns) with the red arrow indicating the
[110] copper lattice direction and the red cube show-
ing the orientation of the underlying copper unit cell. It
has been shown that the edges of hexagonal graphene
domains correspond to the zigzag direction in the
graphene lattice.® This then provides correlation be-
tween the graphene lattice direction and the copper
lattice direction. Finally we analyzed the EBSD maps of
graphene grown for 90 min to see whether there is a
change in the copper crystallography. Figure 6 panels
i and j show the ND and RD EBSD maps for the 90 min
growth time. This shows that a similar (110) copper
surface and large single crystal structure is obtained.
Some twinning of the copper lattice was observed, and
this also resulted in the rotation of the orientation of
the graphene hexagons grown for 15 min. This indi-
cates the alignment is driven purely by the epitaxial
relationship with the copper lattice and not from other
mechanisms such as gas flow.

To show that the hexagonal domains of graphene
produced after 15 min of growth were aligned, Figure 7a
presents a SEM image of a region showing more
than 50 domains over a region 750 um x 500 um. A
histogram plotting the frequency count for measured
orientation angles of more than 50 hexagonal domains
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Figure 7. (a) SEM image of a region showing more than 50
domains over a region 750 um x 500 um. (b) A histogram
plotting the frequency count for measured orientation
angles of more than 50 hexagonal domains. A Lorentzian
distribution fits the data well, black curve, giving a center
point of 10.27°, and a width of 1.53°. The inset in panel b
illustrates the orientation angle, 6, relative to the horizontal
used for the histogram.

is presented in Figure 7b. The inset in Figure 7b
illustrates the orientation angle, 6, relative to the
horizontal used for the histogram. A Lorentzian dis-
tribution fits the data well, (black curve in Figure 7b),
giving a center point of 10.27° and a width of 1.53°.
Statistical analysis of the data set gives an average
orientation angle of 10.2 £ 0.9°, which corresponds to
a ~ 9% standard deviation in the orientation angle of

more than 50 hexagonal graphene domains. This con-
firms the tight alignment over distance scales exceed-
ing 500 um.

The alignment of the graphene domains means that
the atomic lattice is orientated as well. This then
prompts the discussion about the merger of multiple
domains to form one larger graphene crystal. If two
graphene domains are aligned in their lattice orienta-
tion and merge together during growth they will then
become a single crystalline domain. The interface
where the two domains merge together may contain
defects and disorder if the alignment is not exact or the
atomic stitching processes are flawed. But it is also
possible that significant defects and disorder may not
occur if the alignment between domains is excellent.
During our extensive HRTEM search we could not find
regions of significant disorder that might be associated
with the interface where two aligned graphene do-
mains merged together.

CONCLUSION

The results presented here show a simple method
for obtaining large 200 um single crystals of monolayer
graphene within a continuous film. No fancy pretreat-
ment of the copper is needed, nor do special seed sites
need to be created. This approach can be easily applied
by the large number of groups that currently produce
graphene on copper using CVD. It is surprising that
hexagonal graphene domains produced after 15 min
of growth were aligned in their orientation. The EBSD
indicated an epitaxial relationship between the copper
surface and the graphene, but since the copperis in a
liquid state during the addition of methane, this sug-
gests a fairly complex growth model. The epitaxial
alignment of graphene domains provides a means
for rapidly fabricating large single crystals from multi-
ple domains and may be a key step toward wafer-scale
single crystals of monolayer graphene.

EXPERIMENTAL SECTION

Graphene (VD Synthesis. The copper foil (99.999% purity,
0.1 mm thick, Alfa Aesar) is placed on a Mo or W support
(0.1 mm thick) and positioned in a 1 in. quartz tube within a
horizontal furnace. It is then heated up to 1090 °C under argon
flow (200 sccm) and then reduced in hydrogen (100 sccm)
(1:3 Hy/Ar mix) at 1090 °C for 30 min. Then the flow rate of
hydrogen during growth was adjusted among 10, 40, and
80 sccm. After this, CH, (10 sccm of 1:99 CH,/Ar mix) was added
for a desired period of growth time, which was adjusted among
15, 45, and 90 min. After the reaction in CH,, the samples were
rapidly cooled by being removed from the hot zone of the
furnace and allowed to cool to room temperature.
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