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Abstract

We show that graphene single crystals as large as 5 mm can be synthesized from
ethanol via chemical vapor deposition (CVD). Key conditions for the successful
reduction in nucleation density are extremely low partial pressure of ethanol vapor and
pre-oxidation of Cu substrates. The resulting graphene flakes are predominantly
homogeneous single-layer hexagons, as characterized by Raman spectroscopy and
selected area electron diffraction. However, the edge of ethanol produced graphene
shows an armchair feature, suggesting a possible different mechanism from

conventional methane CVD.



1. Introduction

Chemical vapor deposition (CVD) synthesis of graphene on poly-crystalline Cu
foils has been intensively investigated in the past few years [1-5]. Graphene films
synthesized in this way were often poly-crystalline, with typical graphene single-crystal
domain sizes of about tens of microns. The numerous grain boundaries in these films
decrease both the electrical and mechanical quality of graphene films [6, 7]. Driven by
the superior properties of structurally perfect graphene films, major efforts have been
aimed at enlarging the sizes of single-crystal graphene domains to millimeter and even
centimeter scale [8-14]. To achieve this, many researchers focused on reducing the
partial pressure of the carbon source, tuning the C:H ratio, smoothing the Cu surface, as
well as adjusting oxygen content of Cu substrates [12-14]. In most of these methods,
methane was used as the carbon source and high ratio of Hz flow is often needed in
order to reach equilibrium between growth and etching. Searching for an alternative to
methane may be beneficial to both the fundamental understanding of the growth process
and the future industrial scale production. In this paper, we report that ethanol can also
be utilized to synthesize single crystal graphene up to 5 mm, with very low
concentration of Hz. We show that very low partial pressure of ethanol and
pre-oxidation of Cu foils are critical to the successful synthesis of the large crystal
graphene. At the same time, the edge of ethanol produced graphene shows an armchair
feature, suggesting a possible different growth mechanism from conventional methane

CVD.

2. Experimental methods

Single layer graphene was grown using alcohol catalytic chemical vapor deposition



(ACCVD) [5]. Here we apply a homemade thermal CVD system, using a quartz tube as
the reaction chamber. Briefly, commercial copper foils (Nilaco Corp., CU-113303) were
cleaned using IPA, acetone, and HCl, and heated in air on a hot plate at about 250 °C to
oxidize the Cu surface. Afterwards, the foil was folded into a Cu pocket, loaded into the
CVD chamber, and placed at the center of the furnace. Then the system was vacuumed
to approximately 25 Pa by a mechanical pump for 10 minutes. Afterwards, the CVD
chamber was heated to the reaction temperature (1065 °C) with an Ar flow under the
pressure of 300 Pa. After reaching 1065 °C, the Ar flow was replaced by a 300 sccm
flow of 3% H: diluted in Ar (partial pressure of Hz is 10 Pa), and a 0.03 sccm ethanol
vapor flow was also introduced into the system to initiate the growth. The total pressure
is kept 300 Pa. Depending on the size of graphene flakes desired, the required CVD

time could be 2-24 hours.

3. Results and discussion
3.1 Growth of large single-crystal graphene from ethanol

Figure la shows an optical image of graphene hexagons on a Cu foil. This sample
was heated in air to create a contrast between graphene-covered Cu and bare Cu [13]. A
typical scanning electron microscopy (SEM) image of a graphene flake is shown in
Figure 1b. In general, these graphene flakes are of hexagonal shapes, with edge-to-edge
sizes about several mm. A core of multi-layer graphene at the center of each large
graphene flake can be often observed, occupying 10% of the total area of each graphene
domain. Assuming each graphene flake grows from one single nucleus, the nucleation
density in these samples is roughly 0.2 mm™. After transferring the graphene flakes to

Si/Si02 substrates (Figure 1c), Raman scattering was measured on randomly selected



locations (Figure 1d). The spectra are all characteristic of single-layer graphene (SLG),
with a large 2D/G ratio and negligible D-peak. Note that previous reports showed that
the Raman spectrum of twisted bi-layer graphene (BLG) could also have a strong
2D-band [15], so the 2D/G ratio is not definitive evidence for the existence of SLG.
However, there is a very strong contrast between SLG and BLG on Si/SiO2 substrates
when observed with an optical microscope, and recent studies have shown that a small
blue-shift can be observed in the Raman feature of BLG compared with that of SLG [15,
16]. Since there is often a multi-layer core at the center of each flake, we examined the
BLG areas with Raman scattering (inset in Figure 1d), and did observe a small
blue-shift (5 to 20 cm™), which is consistent with previous research. Combining the
evidences of Raman spectra and optical micrographs, we can unambiguously conclude

that the graphene flakes reported in this work are predominantly single-layer.
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Figure 1. Characterization of hexagonal graphene. a) Optical image of graphene on
Cu foil after CVD and oxidation in air. b) Typical SEM image. c¢) Optical
microscopy image of the graphene flake after transfer to Si/SiOz substrate. Note that
the edge shape is smoother for smaller flakes. d) Raman spectra corresponding to
four randomly chosen locations shown in c). Inset in d) is a comparison of the

2D-band of single-layer graphene and bi-layer graphene. The growth conditions are:

To demonstrate the single-crystal nature of these graphene flakes over millimeter
scale, we transferred these to transmission electron microscope grids, and performed
selected area electron diffraction (SAED). Figure 2b to 2h show the SAED patterns on 8
random locations as shown in Figure 2a, and the maximum rotation in these 8 pattern is
smaller than 1.4°, suggesting the single-crystal nature of this graphene flake with a size
over 3 mm. The small rotation angle may originate from twisting or folding in the

transfer process.



Figure 2. SAED characterization of as-grown graphene. a) The approximate

positions of the transferred graphene flake and the locations where SAED patterns
are measured. b) to 1) SAED patterns on the 8 locations as marked in a). The sample

characterized here is grown using the same condition as in Figure 1.

3.2 Oxygen etching and armchair edge

A closer look at these graphene hexagons (Figure 1c) reveals that the edges are much
rougher than those grown using atmospheric pressure CVD (APCVD) or CVD using a
high concentration of H2 with methane as the precursor [9-14]. Many dendritic branches
can be observed, especially at each corner of the hexagon where the angle is much

sharper than 120°. This dendritic shape indicates that the growth is diffusion limited,



rather than reaction limited as was the case in most previous works [9, 11-13]. Scanning
Raman spectroscopy was employed to measure a graphene flake transferred to a Si/SiO2
substrate in order to demonstrate the quality of the graphene flakes (Figure 3). The
D-band map is very uniform, with intensity close to the background. A few exceptions
were regions of small holes and wrinkles that could be caused by the transfer procedure.
Note that unlike most reported results, the intensity of the D peak at the edges of our
graphene flakes is very high, especially at the growth fronts (point C in Figure 3f),
which is almost the same as the intensity of the G peak. At the valley parts on the edges
(point B in Figure 3f), the D-band intensity is much weaker. The D peak originates from
a double resonance process [17]. When an electron is created by a photon, it is
inelastically scattered by a large momentum phonon to an inequivalent Dirac valley.
Then the electron is return to the original valley with an elastic backscattering process,
and by rejoining its companion hole while emitting a Raman light, a Raman round trip
is completed [18]. The backscattering can only proceed perpendicular to the edge of
graphene. So for zigzag edges, elastic backscattering cannot allow the electron return to
its original valley in the momentum space, so the Raman emission cannot occur. But an
armchair edge can have the backscattering in the right direction. Hence, zigzag edges
contribute very little to D-band intensity, and armchair edges raise very high D peak,
and this theory has been verified by multiple literatures both theoretically and
experimentally [19-21]. So the strong D peak at the edges of our graphene can be best
explained as that the graphene edges at these growth fronts are armchair edges. On the
other hand, almost all previous works report zigzag graphene edges [8, 9, 11-14], with
no obvious rise of D-band intensity and showing a G/D ratio > 10 at the edges. We

believe this difference can be explained by a double-etchant mechanism.



Conventionally, a high concentration of H: is needed during CVD growth of
graphene hexagons in order to balance the growth and etching rates at these growth
fronts. This helps maintain the general hexagonal shape even as the flake grows to
millimeter sizes. For low pressure CVD with methane/Hz, the partial pressure of H>
varies from 20 Pa to hundreds of Pa [8-14, 22], and most groups apply pure Hz in these
procedures. In the case reported here, we use a low partial pressure of dilute H2 (3%, 10
Pa). On the other hand, there is an oxygen atom in each ethanol molecule, which can
also serve as an etchant in the growth of graphene, helping to maintain the oxygen
balance in CVD reactions, as has been indicated in the ACCVD growth of single-walled
carbon nanotubes. It is possible that at the growth fronts, the armchair structure is more
stable for the oxygen etchant, and at the valley parts (point B in Figure 3f), a zigzag
edge is more stable for the hydrogen etchant. This theory is very consistent with the
recent findings by S. Choubak et al., in which they conclude that in low pressure CVD
growth of graphene, oxygen species are the main etchant [23]. The exact mechanism of

this procedure is still unclear, and shall be investigated with experiments in the future.
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Figure 3. Scanning Raman characterization. a) and b), optical microscope image
of graphene transferred on Si/SiO2 substrate. c), d) and e), Raman maps of the
D- ,G- and 2D- peak intensity of the same area in b). f), the Raman map of D-peak
intensity with higher resolution of the area marked in c). g), Raman spectra of four
points marked in c). The sample characterized here is grown using the same

condition as in Figure 1.

3.3 Effect of pre-oxidation
There are two essential technical issues in the growth procedure for the low
nucleation density of graphene: the ultra-low partial pressure (flow rate) of ethanol

vapor, and the thermal oxidation of Cu foils prior to the CVD process. Figures 4a and



4b show the density of graphene nuclei as a function of the partial pressure of ethanol.
When applying the ethanol partial pressure of 10 Pa, as reported in a previous work by
our group [5], we observe a nucleation density of about 150 mm. When the pressure of
ethanol is decreased to 0.03 Pa, the nucleation density is reduced to approximately 8

mm

, more than one order of magnitude lower. Furthermore, the shape of each
graphene flake is very hexagonal compared with those shown in Figure 4a. The
hexagonal shape may originate from the orientation of the graphene lattice, which
means that the graphene domains obtained under this condition might be single-crystal.
This nucleation-density evolution dependence on the partial pressure of carbon sources
is consistent with many previous works [8-12].

On the other hand, the role of surface oxygen is not yet clear. Since 2013, many
groups realized that involving oxygen in the CVD reaction can efficiently reduce the
nucleation density, and several procedures were developed to add oxygen into the
system [14, 22]. Here, we use the method of heating the copper foil on a hot plate in an
ambient environment at 250 °C prior to the CVD procedure (pre-oxidation). The copper
surface changes from shiny red to dull gray, suggesting the formation of a thin oxide
layer on the surface. A clear dependence on the pre-oxidation duration can be observed,
as shown in Figure 4. Without any pre-oxidation, we observe a nucleation density of ~8
mm? (Figure 4c), corresponding to an average grain size of ~300 pm. Pre-oxidation for
15 minutes would reduce the nucleation density to ~0.8 mm™ (Figure 4d), and further
oxidation, for instance at 250 °C for 30 minutes, results in a density of ~0.3 mm™
(Figure 4e). With optimized conditions (pre-oxidation for 90 minutes), graphene
domains as large as 5 mm are obtained (Figure 4f), with a nucleation density of ~0.1

mm™. A higher oxidation temperature with a shorter duration (300 °C, 40 min), or a



lower temperature with a longer duration (240 °C, 2 hours) can result in the similar
nucleation density. But if the oxidation is stronger than the optimized one, for instance
250 °C for 2 hours, during the CVD reaction, the Cu pocket would melt along with part
of the quartz tube that is adjacent to it, which is very dangerous and unsuitable for the
growth. We are not sure the reason behind this melting, but due to this, a nucleation
density of ~0.1 mm™ is the lowest we can get based on this recipe. Though at this stage
it is difficult to quantify the exact amount of oxygen in the Cu foil or the thickness of
the oxide layer before reaction, this simple pre-oxidation strategy is surprisingly

effective to tune the nucleation density and yield mm-scale graphene single crystals.
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Figure 4. Dependence of nucleation density on ethanol partial pressure and
pre-oxidation duration. a) and b) show the effect of ethanol partial pressure with no
pre-oxidation procedure. c), d), e) and f) show the effect of different pre-oxidation
durations when applying the same ethanol partial pressure of 0.03 Pa. The growth
durations are: a) 30 seconds, b) 20 min, ¢) 40 min, d) 6 hours, ¢) 8 hours, and f) 22

hours.



Although it is believed that oxygen plays a critical role in decreasing the nucleation
density of graphene, the exact mechanism, (e.g. position, chemical stages, concentration
of oxygen), of its function is not yet fully clear. For example, G. Eres and colleagues
claimed that after a pre-oxidation, a following H> reduction removes impurities and heal
the defects on Cu surface [22]. However in our process, we directly start the ethanol
vapor along with the diluted H2, without involving any annealing process under high

concentration of Hz, and we still achieved very low nucleation density.
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Figure 5. a) Raman spectroscopy of Cu surfaces before oxidation, after oxidation,
and after being heated to 1065 °C. b) and c), possible mechanism of the oxide
layer on Cu surfaces.

We employed Raman scattering to study the change of the oxide layer on Cu

! can be observed,

surfaces (Figure 5a). Without any oxidation, a peak near 220 cm’
corresponding to the strong Raman spectral feature of Cu2O [24], which suggests

originally there is a natural oxidation on pristine Cu. After being oxidized, multiple

strong peaks in the Raman spectrum were observed, which represents the existence of



both CuO and Cu20 [24, 25]. After heating to 1065 °C in Ar and immediately cooling
down, these strong peaks of CuO and Cu20 disappear, and only the peak at 220 cm’!
remains, which is almost the same as pristine Cu. Considering that the decomposition
temperature of CuO is very low [26], almost all the CuO would be decomposed into
other oxides such as Cu20 during the heating process. On the other hand, Cu20 is very
stable, even in a high-temperature environment, but Raman spectroscopy indicates that
the concentration of oxide on Cu surfaces after heating is very low, close to that on
pristine Cu. Possibly, during heating, the oxide layer diffuses into the bulk Cu, resulting
in an oxygen-rich Cu foil in general as shown in Figure 5b. However, we are not sure of
the exact form of oxide at this stage, which could be nano particles or clusters, as often
observed in as-purchased commercial copper film [27]. At the later stage when carbon
source is supplied, the diffused oxide can be involved in the reaction on the Cu surface.
This would result in passivation of potential nucleation sites on the Cu surface [14],
which leads to a decrease in the nucleation density.

Besides the decrease in the nucleation density, one other effect of oxygen is believed
to be accelerating the growth of graphene flakes by enhancing the detachment of H
atoms from the graphene edges [14, 28] and increasing the dissociative adsorption
probability of CH4 [29, 30]. However, in our case, we don’t observe an obvious increase
in the growth rate with stronger oxidation of the Cu foils. There are two possible
reasons for this: first, as discussed in 3.2, the edges of graphene is terminated with
oxygen rather than hydrogen; second, there is a constant supply of oxygen from the
carbon source, so the effect of pre-added oxygen in Cu foils on the later growth stage is
not so obvious.

Since there is an oxygen atom in each ethanol molecule, and ethanol also fully



decomposes at the CVD temperature, the decomposed oxygen-containing species
(mainly water) in the chamber may also play an important role in balancing the surface
oxygen concentration, as has been discussed in the synthesis of single-walled carbon
nanotubes [31, 32]. Literature also showed that a small amount of residue oxygen can
decouple graphene from Cu through intercalation during the CVD reaction [33], so the
oxygen from ethanol can result in a very weak interaction between Cu and graphene,
which may help to explain why the oxygen-terminated armchair edges are more stable
in such atmosphere. However, it is difficult to quantify the oxygen from ethanol and
those from pre-oxidation, and to distinguish their effects. Just as in the synthesis of

single-walled carbon nanotubes, the multiple roles of ethanol need further investigation.

4 Conclusions

Graphene single crystals as large as 5 mm were synthesized using the ACCVD
method. Key parameters were: ethanol partial pressure as low as 0.03 Pa, and a
90-minute pre-oxidation procedure in air. The low defect, homogeneous, and
single-crystal nature of the resultant graphene flakes has been characterized by scanning
Raman spectroscopy and SAED. This proposed CVD procedure only requires a low

concentration (3%) of Hz, corresponding to a partial pressure of merely 3 Pa.
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