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The current trend in graphene synthesis is to use thermal chemical vapor deposition(CVD) at the temperature of 1000 °C or higher.
For industrial use of graphene as transparent conductive films, higher throughput of graphene synthesis is necessary. We were among
the first to adopt the plasma-enhanced CVD method, and have developed a process of high-speed large-area deposition for transparent
conductive film applications. The development and a method to remove impurities from the process are presented in this paper. We report
improvement in graphene film quality and other properties by decreasing the nucleus density using plasma-enhanced CVD.
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1 Introduction

Graphene!" is a single atomic sheet in which carbon atoms
are arranged in a hexagonal honeycomb lattice. Graphene
has a very unique band structure (zero bandgap, linear
dispersion), and thereby it shows brilliant electronic and
optical characteristics such as extremely high carrier
mobility and light absorption which does not depend on
wavelength. (2.3 % absorption per layer.) Moreover graphene
has the property of flexibility which indium tin oxide (ITO)"”
does not possess, and an attempt has been made to use a few
layers of graphene(FLG) as transparent electrodes in such
devices as flexible organic light-emitting diode (OLED), solar
batteries, and displays.

For transparent electrode application of graphene, it is
necessary to establish production technology of high quality
and high throughput for large area graphene. Among the
various methods of graphene production such as mechanical

exfoliation of bulk graphite,’"

[4]

exfoliation of graphene
oxide in liquid phase,” thermal decomposition of SiC,” etc.,
chemical vapor deposition (CVD) on catalytic transition
metal surfaces, in particular on a copper surface, has great
promise as a production method for transparent electrode
application. Recently, high conductivity graphene has been
synthesized on copper substrates by energetic development
of the thermal CVD method.”™ On the other hand, since
throughput of the thermal CVD method is insufficient,
synthesis time needs to be significantly shortened for
transparent electrode application. In this paper, we report an

attempt to develop high throughput plasma-enhanced CVD

for high quality graphene.”™™

2 Preparation of a substrate for graphene synthesis
and suppression of impurity incorporation.

In the case of CVD of graphene using a copper foil substrate,
surface cleaning technique of copper foil before CVD is
especially important. Also in the case of plasma-assisted
CVD (plasma CVD), it is necessary to prevent contamination
such as impurities released from the reaction chamber by
plasma exposure, particularly silicon, which originate from
the quartz of antenna units for exciting plasma.

Commercially available copper foil surfaces are subjected
to anticorrosive treatment in order to prevent oxidation.
Morecover, even foil with anticorrosive treatment has a
surface that is still covered with a thin copper oxide layer. For
high-quality graphene synthesis, it is necessary to remove
these copper oxide and anticorrosive treatment carefully.
In thermal CVD of graphene, electrolytic cleaning and
successive high-temperature treatment at about 1000 °C of
the copper foil substrate in the reaction chamber are effective
for removing copper oxide and the anticorrosive treatment
layer. Furthermore, in order to flatten the copper foil surface,
chemical polishing (CMP) before electrolytic cleaning and
annealing treatment is effective."’""® On the other hand,
electrolytic cleaning is a wet process and thus there is a
possibility of recontamination before CVD. Therefore,
cleaning methods consistent with CVD are desirable.
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In this study, plasma is used, and by establishing plasma
cleaning of the surface of the copper substrate, cleaning and
synthesis can be carried out continuously in situ. For this
reason, it is possible to prevent the recontamination of the
substrate.

In many processes using plasma, an inert gas is added to
the discharge gas in order to illuminate stably, and argon is
commonly used as an inexpensive inert gas. On the other
hand, from the point of view of sputtering that causes release
of impurities from the reaction chamber, it is desirable to

U2 Thys, we attempted plasma CVD

use lighter inert gas.
synthesis of graphene using helium, which is expected to be
effective for preventing impurity incorporation because of it

being the lightest inert gas.

Figure 1 shows a schematic illustration of the surface-wave
microwave plasma CVD equipment.”” The waveguide for
microwave propagation is connected to the reaction chamber.
The waveguide is equipped with a slot antenna that emits
the microwaves into the reaction chamber through a quartz
window. In the case of surface-wave microwave plasma,
high-density plasma is excited along the surface of the quartz
window. High-density plasma which exceeds the cutoff
density of 7.4 x 10" cm” is excited along the surface of the
quartz window by 2.45 GHz microwaves.”2*"! Microwaves
cannot penetrate through the high density plasma, and
the copper foil substrate is not exposed to the microwaves
directly. Therefore, temperature control of the substrate
is easy over a wide range from low-temperature to high-

temperature.[w]m]m]

A tough-pitch copper foil (purity: 99.7 %) with a thickness of
33 pum was used for graphene synthesis. We compared plasma

pretreatment of copper foil using two kinds of gas mixtures,

Reaction gas Quartz window
Slot antenna

Waveguide
v MW—

Substrate

Vacuum pump

Fig. 1 Schematic illustration of the surface-wave microwave
plasma CVD equipment
Copyright (2014) The Japan Society of Applied Physics

Ar/H, and He/H,. The copper foil substrate was placed 50 mm
away from the quartz window and the substrate temperature
was kept in the range of 350-400 °C. The duration of
pretreatment was 1 min. The cleaning effect for the copper
foil surface by the plasma pretreatment was confirmed by
X-ray photoelectron spectroscopy (XPS) (ULVAC Phi ESCA
5800X, AlKa). XPS measurement was performed ex situ
after the cleaning. Quantitative evaluation was considered
difficult owing to the oxidation of the copper foil surface by
air exposure after cleaning. Therefore, we conducted XPS
measurement under the same ex situ condition for all samples
and compared the results in terms of the changes in the
spectra.

Subsequent to the plasma pretreatment of the copper foil
substrate in the reaction chamber, synthesis of graphene
by plasma CVD was performed using two kinds of gas
mixtures, He/H,/CH, and Ar/H,/CH,. The synthesis time
was 20 min. The synthesized graphene films were evaluated
by Raman scattering spectroscopy (HORIBA XploRa,
spot size 1 pm and wavelength 638 nm), energy-dispersive
X-ray spectroscopy (EDS) (JEOL-2100F with EDS detector
JED-2300F: acceleration voltage, 200 kV), and XPS. For
cross-sectional transmission electron microscope (TEM)
observation, an amorphous carbon thin film was deposited
on an as-deposited graphene surface in order to make the
sample structure robust for gallium focus ion beam etching.
TEM observation was performed at an acceleration voltage
of 300 keV.

Figure 2 shows the XPS survey spectrum of the as-received
tough-pitch copper foil substrate. In this spectrum, the
peaks corresponding to Cu 3d, 3p, 3s, 2p, and 2s and Cu
Auger were observed.”™ The peaks of C 1s and O 1s were
also observed together with the low-intensity peaks of Si 2p
and N 1s. It was suggested that these were because organic
silicon and hydrocarbon compounds containing nitrogen
were coated on the surface of the as-received tough-pitch
rolled copper foil. In this study, we examined the removal of
these impurities from the copper foil substrate surface by the

plasma pretreatment.

In Fig. 3, we compared the XPS high-resolution spectra
from the copper foil substrate before and after the plasma
pretreatment. First, the removal of copper oxide on the
copper foil surface by plasma pretreatment was examined
using O 1s signals. O 1s binding energy spectra are shown
in Fig. 3(a). In the case of Ar/H, plasma pretreatment, the O
1s peak was still observed, which indicates that oxygen was
not removed efficiently by this plasma treatment. Moreover,
the peaks were separated more clearly, which suggests that a
certain amount of oxygen was newly formed during the Ar/
H, plasma treatment. In contrast, the O 1s peak disappeared
with the He/H, plasma pretreatment, which indicates that the
oxygen on the surface was removed efficiently by this plasma
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treatment.

Next, we examined the spectrum of Cu 2p binding energy
shown in Fig. 3(b). For the as-received copper foil substrate,
satellite peaks (942.5 eV and 963 eV) attributed to bivalent
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copper oxides were observed, as well as peaks from Cu 2p
by orbit-spin coupling and the 2p>* (933 V) and 2p"* (953
V) peaks.”” ¥ The high-energy side of the Cu 2p** peak of
the as-received Cu foil is broad, which is caused by bivalent
copper compounds such as Cu(OH), and CuO.”" ¥ In the
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Fig. 2 XPS survey spectrum of the as-received copper foi
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Fig. 3 XPS spectrum of the copper foil with plasma pretreatment and without plasma pretreatment!™
(a) O 1s binding energy, (b) Cu 2p binding energy, (c) Si 2p binding energy, (d) C 1s binding energy
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case of Ar/H, plasma pretreatment, the broad peaks (934.5
eV and 942.5 eV) of Cu 2p*” of the bivalent copper oxide
compounds disappeared. The peaks due to the monovalent
copper oxide Cu,O still remained in the vicinity of 932.5
eV and 952.5 eV.”T Erom these results, we confirmed
that the surface of the as-received copper foil substrate is
covered with the bivalent copper oxide on Cu,0/Cu. The
bivalent copper oxide was completely eliminated from the
substrate and the monovalent copper oxide was not removed
by the Ar/H, plasma pretreatment. On the other hand, in the
spectrum obtained after the He/H, plasma pretreatment, the
peaks attributed to monovalent copper oxide, Cu,O, and the
bivalent compounds Cu(OH), and CuO were not observed,
only the peaks attributed to Cu 2p"* and Cu 2p*” of pure
copper were observed. This is consistent with there being no
O 1s signals related to any oxides on the copper foil substrate
after the He/H, plasma pretreatment, as shown in Fig. 3(a).
This indicates that the He/H, plasma pretreatment is very
effective for removing copper oxide on the surface of copper
foil substrates.

Then, we examined the removal of silicon impurities on the
copper foil substrate from the XPS spectrum of the Si 2p
binding energy shown in Fig 3(c). A peak with Si 2p binding
energy of 102 eV was observed on the surface of the as-received
copper foil substrate. We surmise that siloxane compounds
containing Si, such as silicone were applied as protective
coating for copper foil surfaces before shipment from the
factory. The Si 2p binding energy of Si compounds depends on

BT and silicon oxides.®®

the oxidization state of siloxy units
If the number of oxygen atoms binding to Si atoms increases,
the Si 2p binding energy will shift from 101 eV to 103 eV. The
observed binding energy of 102 eV of Si 2p corresponds to that
of poly(dimethylsiloxane) (PDMS),* as shown in Fig. 3(c).
In the case of Ar/H, pretreatment, a new peak at 103.0 eV due
to Si 2p appeared, although the peak intensity of Si 2p at 102.0
eV of the as-received copper foil substrate decreased slightly.
The appearance of the peak of Si 2p at 103.0 eV following the
Ar/H, plasma pretreatment occurs for two reasons. First is the
oxidation of PDMS, indicating the formation of a CH;SiO,
siloxy unit by the oxidization of the CH;SiO, (PDMS), as
shown in Fig. 3(c). Second is the formation of SiO, from
etching of the quartz window by the Ar/H, plasma. In contrast,
the peak due to Si 2p disappeared completely after the He/H,
plasma pretreatment. Hence, it is found that the He/H, plasma
pretreatment effectively eliminates silicon impurities including
silicon oxides on the copper foil surface and suppresses the
extreme over-plasma etching of the quartz window.

Furthermore, we investigated the XPS spectrum of the C
Ls region in order to clarify the protective coating material
on the as-received copper foil substrate, as shown in Fig.
3(d). There are three peaks at 285.0 eV, 286.5 eV, and 288.6
eV observed for the as-received copper foil. The strongest
peak observed at 285.0 eV is mainly due to the C-C and C-H

bonded groups in a sp’-hybridized state.®”! The shoulder
peak observed at 286.5 eV is due to C-O-C bonding of the
ether/phenolic components, and the highest binding energy
observed at 288.5 eV is due to O=C-O bonding of the ester/
carboxylic components.”” Furthermore, we observed
nitrogen atoms at 400.2 eV in the inset of the survey
spectrum in Fig. 2. Again, we surmise that this is due to
a corrosion inhibitor for copper foil that contains O=C-O,
C-0-C, C-C, and C-H groups and N. It is well known that
benzotriazole (BTAH) is used as an effective corrosion
inhibitor for copper."” Although, BTAH (C,H;N;) has none
of the functional groups of O=C-O and C-O-C, Finsgar et al.
have observed the XPS C s spectrum with these groups on
the surface of copper after of 1 h treatment with 3 % NaCl
solution containing 10 mM BTAH."™ They suggested that
either the oxidation of carbonaceous species occurred or
oxidized carbon compounds were adsorbed on the topmost
surface of copper. Their spectrum closely resembles that
of the as-received copper foil in Fig. 3(d). They have also
observed signals of the Cu Auger L;M, M, ; region of the Cu-
BTAH complex at 572.6 eV at uppermost part of the copper
substrate using angle resolved XPS measurement. The signal
of the Cu-BTAH complex in the region of Cu Auger was
not detected in our experiment, because it was not an angle-
resolved measurement.

After the Ar/H, plasma pretreatment, the peak of C 1s at 285
eV observed for the non-plasma-treated substrate became
sharper and the peaks at 288.6 eV and 286.5 eV disappeared.
This means that BTAH is easily decomposed by the Ar/H,
plasma pretreatment. The peak of C 1s at 285.0 eV shifted to
284.5 eV after the Ar/H, plasma pretreatment. The binding
energy of 284.5 eV corresponds exactly to that of PDMS.P’!
Hence, PDMS was mostly left on the copper foil substrate
after the Ar/H, plasma pretreatment. This is consistent with
the existence of PDMS of O 1s (532.0 ¢V) in Fig. 3(a) and Si
2p (102.0 eV) in Fig. 3(c) after the Ar/H, plasma pretreatment.
After the He/H, plasma pretreatment, the binding energy
observed at 284.1 eV corresponds to that of HOPG which
is composed of sp” bonding.""™" These were confirmed as
amorphous sp” carbon films from the Raman spectrum.

The difference between the effect of He/H, and Ar/H, plasma
pretreatment methods can be attributed to the difference
between the sputtering yields of SiO, for helium and argon.
In the case of surface-wave plasma CVD, high-density
plasma is excited in the vicinity of the quartz window, and
the mixing of silicon and oxygen with the plasma by the
sputtering of the quartz window is a major issue. That is, it is
necessary to suppress the deposition of such impurities onto
the substrate. According to the basic theory of sputtering by
Sigmund, sputtering yield depends on the atomic weight and
atomic number of the target and ions.”” When the ion energy
is 100—-600 eV, the yield of quartz (SiO,) sputtering with
argon ions is 2.5-3.8 times greater than that of helium ions.
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Furthermore, the molecular dynamics simulation of energetic
ion bombardment of He", Ne', Ar’, Kr" and Xe" for SiO, have
also been reported.”" The sputtering yield for SiO, substrates
increased along with the atomic number of impact ions. The
lightest He" among these ions could not efficiently transfer
its energy to surface atoms on the SiO, substrate even at ion
energy of 100 eV, and the sputtering yield by He" was almost
zero. On the other hand, Ar" effectively showed sputtering
of Si0,.P"" Therefore, it was shown that it was possible to
suppress the deposition of silicon and oxygen from the quartz
window onto the copper foil substrate by the He/H, plasma
pretreatment, and the cleaning of the copper foil surface
could be performed effectively.

The syntheses of graphene by Ar/H,/CH, and He/H,/CH,
plasma CVD on a copper foil substrate pretreated with Ar/
H, and He/H, plasma was examined and compared with
that without such pretreatment. The Raman spectra of
the synthesized graphene by plasma CVD are shown in
Fig. 4. The G-band (1520 cm™) overlapping with the D’-
band and the D-band (1320 cm™) were observed for the as-
received copper foil substrate prepared by He/H,/CH, plasma
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Fig. 4 Raman spectrum of graphene synthesized on the
copper foil substrate™
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CVD. However, the 2D-band was not observed on the as-
received substrate prepared without plasma pretreatment.
In the case of Ar/H,/CH, plasma CVD subsequent to the
Ar/H, plasma pretreatment, the 2D-band (2650 cm™) was
observed with half the intensity of the G-band. In the case
of He/H,/CH, plasma CVD subsequent to the He/H, plasma
pretreatment, the 2D-band (2650 cm™) was observed with
the same intensity as the G-band. This result, combined
with the result of the cross-sectional TEM image, indicates
that the crystalline of graphene synthesized using He/H,/
CH, plasma CVD at low-temperature (350-400 °C) on a
He/H, plasma pretreated copper foil substrate is better than
that synthesized on an Ar/H, plasma pretreated substrate,
as will be described later. That is, it suggests that the He/H,
plasma pretreatment successfully removes copper oxide and
impurities on the substrate surface and recovers the catalytic
effect of the copper surface for graphene synthesis. In plasma
CVD of graphene, the synthesis is completed within several
tens of seconds, and has the potential to synthesize graphene
in a short time. In order to realize the continuous synthesis of
high-quality graphene of high-throughput, it is necessary to
sufficiently remove the oxide and contaminations prior to the
synthesis.

Figure 5 shows a comparison of the details of the spectra at
around Si 2p binding energy for graphene films synthesized
using He/H,/CH, and Ar/H,/CH, plasma CVD. The Si 2p
(103.0 eV) was observed clearly in the spectrum of the
graphene film synthesized by Ar/H,/CH, plasma CVD,
but not in the spectrum of that synthesized by He/H,/CH,
plasma CVD. In order to obtain more detailed information
with respect to the impurities contained in the graphene
film, an elemental analysis of very thin (one or two layers)
films was conducted by EDS (Fig. 6). In the case of the
synthesized graphene film using Ar/H,/CH, plasma CVD,
about 2 % silicon was detected, whereas less than 0.8 %
silicon including the background signals was detected in the
graphene film synthesized using He/H,/CH, plasma CVD.
Therefore, from the results of impurity analysis of XPS and
EDS, it is concluded that the incorporation of silicon from

250 . .
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200+t R
B MWVMW%
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Fig. 5 XPS spectrum of Si 2p binding energy for synthesized graphene using (a) the Ar/H,/
CH, gas mixture and (b) the He/H,/CH, gas mixture!™
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the quartz window onto the synthesized graphene film is
suppressed more effectively by He/H,/CH, than Ar/H,/CH,.

As in the pretreatment of the substrate, mixed gas using
helium or argon for plasma CVD results in a significant
difference between the synthesized graphene films. Figure
7 shows the comparison between the cross-sectional TEM
images of graphene films synthesized using (a) He/H,/CH,
and (b) Ar/H,/CH, mixed gases. In the case of mixed gas of
helium, a multilayer graphene film consisting of 20 layers
was synthesized directly on the copper foil substrate by CVD
for 20 min. The layer spacing was 0.34 nm, which is slightly
larger than 0.335 nm of graphite. In the thermal CVD on the
copper foil substrate, the growth of graphene is limited to
two or three layers.” In contrast, in the case of plasma CVD
of graphene, a much thicker film is grown on the copper
foil substrate as shown in this example. This is one of the
remarkable features of this method. In the case of mixed gas
of argon, on the other hand, the diagonal layered structure
in the cross-sectional TEM image was confirmed on the
copper foil substrate. A layer spacing of 0.27—0.28 nm, which
corresponds to that of CuO(110), indicates the formation of
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the copper oxide layer during Ar/H,/CH, plasma CVD. Along
the surface of the copper oxide layer, a weak contrast of the
layered structure was also confirmed. The layer spacing of
0.34-0.37 nm, however, is much larger than that of graphite,
which suggests that the synthesized graphene layer was
partly oxidized like the copper foil substrate.

In this research we developed a plasma pretreatment
method for copper foil substrates, and a plasma CVD
method for high-quality graphene by suppressing the
impurity incorporation onto the graphene surface. It is
found that the plasma pretreatment using He/H, removes
copper oxide on the surface more effectively than using Ar/
H,, and is also effective for preventing the substrate from
being contaminated by silicon impurities attributed to the
sputtering of the quartz window. The plasma pretreatment
of the copper foil substrate using He/H; is found to improve
the crystalline of synthesized graphene. The incorporation of
silicon impurities from the quartz window onto synthesized
graphene films is suppressed using He/H,/CH, more
effectively than using Ar/H,/CH,.
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Fig. 6 EDX spectrum of Monolayer and/or bilayer graphene synthesized using (a) the Ar/H,/CH,

gas mixture and (b) the He/H,/CH, gas mixture™™
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Fig. 7 Cross-sectional TEM images of synthesized graphene
by surface-wave plasma using (a) the He/H,/CH, gas mixture
and (b) the Ar/H,/CH, gas mixture™

Copyright (2014) The Japan Society of Applied Physics
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3 A development of plasma CVD using ultralow
carbon source

For the industrial application of graphene transparent
conductive films, establishment of a synthesis method of
high-quality and high-throughput is required. As described
previously, the synthesis of graphene by CVD on transitional
metal substrates (in particular on copper) is the most
promising at the moment."”’ Currently, transmittance of 90 %
(four-layers stacking) in the region of visible wavelength and
sheet resistance of 30 Q are indicators of high-performance
graphene synthesized by thermal CVD.”! A demonstration
of an organic light-emitting diode (OLED) with graphene
anodes which has higher luminous efficiency than by using
ITO has been reported.*” Since visible light transmittance of
90-93 % is required for the transparent electrode application
of graphene, three or four layers of graphene are necessary.
Hence, it is important to improve the controllability of the
graphene synthesis for multilayers as well as a single layer.

For the realization of the mass production of graphene by
a roll-to-roll method, it is required to reduce the thermal
load on the apparatus and to attain a significant reduction of
synthesis time. An attempt was made to reduce the thermal
load on the apparatus by direct joule heating of the copper
foil substrate and to demonstrate roll-to-roll thermal CVD
synthesis of graphene at 950 °C by the Sony group.®' In
this example, winding speed of the copper foil substrate
was 1.5 mm/sec, and further increase of speed is desired
for high-throughput production. Also in order to suppress
the microcracks due to thermal expansion and thermal
contraction of the copper foil to improve the quality of the
graphene, further reduction of the temperature is required.

We have developed plasma CVD of graphene to reduce
the process temperature and the process time at the same
time. By combining low temperature surface-wave plasma
CVD with roll-to-roll transfer of copper foil substrate, high-
throughput synthesis of graphene with winding speed of 5-10

(91110

mm/s was demonstrated by the AIST group.”™” The problem
of plasma CVD of graphene is the crystal size (domain size)
of 10 nm or smaller, which inhibits electrical conductivity. By
the large growth rate and high nucleation density of plasma
CVD, graphene growth in the two-dimensional direction is
prevented, which causes stacking of small flakes in multiple
layers and deterioration of the controllability of the number

of layers.

In this study, we attempted to expand the size of graphene
crystals and to improve the controllability of the number of
layers by reducing the concentration of the carbon source
used for graphene synthesis which is expected to suppress
the nucleation density. Without supplying carbon-containing
gas such as methane, as an ultralow concentration of carbon
source, we utilized trace amount of carbon contained in

the copper foil and/or supplied from the environment in
the reaction chamber. We attempted to expand the crystal
size of graphene and improve the electrical conductivity
by developing this method. Moreover, we attempted
to synthesize AB-stacked bilayer graphene with good
controllability in a high yield. This method combines joule
heating and hydrogen plasma treatment for the copper
foil substrate and it is aimed at the establishment of an
industrially advantageous method at lower temperature
and requiring shorter time as compared to the conventional
thermal CVD method.

First of all, we performed only heat treatment at each
temperature of 300, 400, 600, 800, and 1000 °C of the copper
foil by using direct joule heating in 20 Pa hydrogen for 15
min in the reaction chamber and the foil was cooled down
to room temperature. The size of the heat treated sample
was 6 x 6 mm”. A copper foil heated at each temperature
was examined by Raman spectroscopy (Model: HORIBA
XploRa, beam spot of 1 um in diameter, excitation laser of
632 nm wavelength). It was tested whether graphene was
synthesized by only the joule heat treatment in a hydrogen
atmosphere as shown in Fig.8.

Hydrogen plasma treatment was performed in 30 sccm flow
and 5 Pa for 30 s. The surface-wave microwave plasma with
low electron temperature which was expected to reduce the
ion bombardment was utilized for plasma treatment.

The synthesized graphene was transferred to a transparent
polymer substrate to measure the electrical conductivity and
the optical transmittance. The slightly-adhesive resin film
was used as the transparent polymer substrate. The thickness
of the resin film was 41-42 pm. After bonding the resin film
and copper foil with graphene onto the surface of the copper
foil substrate, the copper foil was removed by etching using
an aqueous solution of ammonium persulfate (0.50 mol/t).

The electrical characteristic of the synthesized graphene
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Fig. 8 Raman spectrum of the copper foil heated from room
temperature up to 1000 °C at hydrogen atmosphere!™
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was measured at 36 points by a four probe method for sheet
resistance using gold alloy probes at 1 mm mesh over the
sample area of 6 x 6 mm’. The carrier mobility was estimated
by Hall effect measurement in Van der Pauw geometry."*

Next, the transferred graphene on the polymer substrate was
immersed in an isopropyl alcohol solution of gold chloride
(20 mol/), and dried.

Figure 8 shows the Raman spectra of copper foil observed at
room temperature after only the joule heating treatment in
a hydrogen atmosphere. Although carbon-related signals in
the Raman spectrum were not observed within the detection
limit for the heat treatments lower than 300 °C, the spectra
of copper foil subjected to the heat treatment at 400, 600, and
800 °C indicated the formation of amorphous carbon films™*’!
on the surface. Since carbon-containing gas such as methane
was not introduced, there should be alternative carbon
sources such as one dissolved in the copper foil and/or one
supplied from the environment inside the reaction chamber.

The concentration of impurity carbon in the copper foil was
examined by a combustion method, which has been estimated
to be 5-31 ppm. The areal density of carbon atoms in
graphene is 3.8x10'%/cm’. If a graphene sheet with the highest
impurity carbon concentration of 31 ppm is used, copper foil
of 15 um thickness is at least necessary to supply the carbon
atoms to synthesize single layer graphene. Because the
thickness of the copper foil in the present study was 6.3 um,
carbon atoms supplied from the environment in the reaction
chamber must have been from an additional or main source
of carbon atoms. The base pressure of the reaction chamber,
which was evacuated by using oil-free turbo molecular pump
system, was lower than 1.0 x 10™* Pa. It was not clarified
which was the main supplier of carbon, the copper foil or
the environment in the reaction camber. In this paper, the
discussion is based on both having the possibility.

The copper foil substrate was treated by the joule heating
treatment of temperatures up to 1000 °C in hydrogen
atmosphere without supplying any carbon gas sources.
Raman spectra were measured at room temperature after the
cooling of the copper foil substrate in a hydrogen atmosphere.
As shown in Fig. 8, however, we could not observe the
Raman peaks which indicate the graphene formation on the
copper surface. The peaks from amorphous carbon at 1350
cm™ and 1580 cm™ were lost by the heating at 1000 °C. It was
considered that it was because heat treatment was conducted
at temperature close to the melting point of copper (1085
°C) under low pressure, and the precipitated carbon atoms
decomposed or were lost with the evaporation of the copper
foil surface.

Therefore, although amorphous carbon precipitation was
observed at 400, 600, and 800 °C, there were no Raman

signals on the copper substrate pretreated at the temperature
between 25 °C and 300 °C, and 1000 °C.

A Raman spectrum for only hydrogen plasma treatment
for 30 s without heat treatment of copper foil is shown in
Fig. 9(a). In this case, no peaks attributed to carbon related
materials such as graphene and amorphous carbon were
observed. Figure 9(c) shows a Raman spectrum from
copper foil subjected to hydrogen plasma treatment for 30
s subsequent to the treatment by joule heating at 1000 °C.
Although, the very weak G-band (1580cm™) and the D-band
(1350 cm™) were observed, the 2D-band in the range of 2641—
2681 cm™ was not observed. This indicated that graphene
was not formed at this temperature because an extremely
small amount of carbon supply disappeared along with the
evaporation of the copper foil substrate. Figure 9(b) shows
Raman spectra from the copper foil substrate subjected to
hydrogen plasma treatment for 30 s at 850 °C subsequent to
the treatment by joule heating at 850 °C. Distinct G-band
and 2D-band were observed with very low intensity of the
D-band which indicated low defect.

Then, since in Fig. 9(b) it was shown that the 2D-band has
different line width and intensity distribution, we analyzed
it in more detail. As shown in Fig. 10, two kinds of graphene
which have different full width at half maximum (FWHM)
of the 2D-band were observed. We analyzed the 2D-band at
46 points in 12 samples which were synthesized under the
same conditions using the curve fitting by a single Lorentzian
peak and the sum of four single Lorentzian peaks as shown
in Fig. 10(a) and (b), respectively, according to the fitting
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Fig. 9 Raman spectrum of the copper foil after hydrogen
plasma treatment

(a) only hydrogen plasma, (b) hydrogen plasma while heating at 850 C,
and (c) hydrogen plasma while heating at 1000 C
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method cited in References [46] and [47]. AB-stacked bilayer
graphene is fitted by the sum of four Lorentzian peaks of
the 2D-band with FWHM from 41.0-59.5 cm™ (Fig. 10(a)).
On the other hand, a disoriented stacked bilayer graphene is
fitted by a symmetric single Lorentzian peak with FWHM of
36.0-40.5 cm™ (Fig. 10(b)).

To examine the yield of AB-stacked bilayer and disoriented
bilayer graphene, histograms of FWHM values of the
2D-band and Raman intensity of the 2D-band/G-band ratio
are shown in Fig. 11. In the case of Raman intensity ratio
(2D-band/G-band). the range of 0.7-2.7 is for AB-stacked
bilayer graphene and 2.8-5.1 is for disoriented bilayer
graphene. These results indicate a graphene yield of 60 %
of AB-stacked bilayer graphene and 40 % of disoriented
bilayer graphene on the copper foil substrate synthesized
by hydrogen plasma treatment during heat treatment by
joule heating. The D-band (1338cm™) due to the defects in

graphene crystal was observed with very weak intensity.

With the identification of the number of layers and the
stacked structure by Raman spectroscopy, single layer
graphene and trilayer graphene were not observed in all
samples synthesized by this plasma treatment condition.
The crystal size of graphene was about 100 nm by estimated
Raman intensity D-band/G-band ratio. (Described later)
While the crystal size of synthesized graphene by using
carbon source gas of the previous method was less than 10
nm, it is possible to definitely improve the crystal size by
plasma CVD using a carbon source of ultralow concentration
of the present method. In addition, it is suggested that this
method is quite suitable for industrial continuous production
such as the high-throughput roll-to-roll method from the
point of view of very short process time and high growth
rate.

Then, the synthesized graphene in this study was transferred
to a slightly-adhesive resin film in order to measure the

optical transmittance. Fig. 12 shows the optical transmittance

(a) (b)
5 5
- —~+
(0] (0]
3 3
[ [
>4 ~
< <
o ©
c =
PR RS SRS R
2500 2600 2700 2800 2500 2600 2700 2800

Raman shift (cm™)

Raman shift (cm™)

Fig. 10 Raman spectrum fitting analysis of 2D-band™¥
(a) AB-stacked bilayer graphene which fits sum of four Lorentzian peaks, and (b) disorder-stacked

bilayer graphene which fits the symmetric peak
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Fig. 11 The histograms of FWHM values of 2D-band and intensity ration of 2D-band/G-band™
Red bar 1s AB-stacked bilayer graphene and blue bar 1s disorder-stacked bilayer graphene.
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Table 1. Mobility, FWHM of 2D-band, yield of AB-stacked bilayer graphene*

Copyright (2014), with permission from Elsevier

o Yield of
st e SN USRS | osme Aefreno
Cu(@5 um), 1050°C  |1500-4400 47.4-620 90[10] ;L\t%g%;fﬁzm 2
Cu(25 um), 1000 T 350-400 67" &Kﬁ“ﬁéﬁéﬁ'{’?ﬁ’
Cu(@5 um), 1000 T 580 45.053.0 992 iy i
Cu(1.2 UmMNIQ4 ), 820°T | 3485 38.050.0 o8 provatdy-cies B
Cu(25 um), 980 C - 70[30] o2 ¢ égélgzmo?'a
Cu(6.3 um), 850 T 1000 41595 60[40] This study

*1 Small amount of trilayer graphene was also observed.
*2 The rest of AB-stacked bilayer graphene was 32 % of single layer graphene.

*3 The amount of trilayer graphene was 1 %.

of a slightly-adhesive resin film (a), a graphene/slightly-
adhesive resin film (b) and the ratio spectrum of only
graphene (c) which is calculated by dividing (a) by (b). The
optical transmittance of the slightly-adhesive resin film
was 91.5 % and the graphene/slightly adhesive resin film
was 86.4 % at wavelength of 550 nm. The only graphene
film transmittance was 94.5 % at wavelength of 550 nm. It
was found that the layer number corresponded to 2 layers
estimated from 2.3 % transmittance loss of single layer

graphene

The reported values of the mobility of bilayer graphene
are listed together with the yield, synthesis temperature,
and FWHM of AB-stacked bilayer graphene in Table 1.

100 prrrrrrrrrrree S S S

70 [ (c) — Graphene only (calculated value)
[ (b) — Blank resin film

[ (a) — Graphene/resin film
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Fig. 12 Optical transmittance of base resin film and
graphene/resin films!*

Transmittance of graphene only (c) is calculated by dividing graphene/
resin film (a) by blank resin film (b). Interference fringes of (a) and (b)
are due to a very thin resin film.
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In this study, the synthesis temperature is lower and the
synthesis time is shorter compared to past reported values.
However, the carrier mobility of 1000 em?/Vs obtained at
room temperature showed significant improvement from the
one around 100 ecm®’/Vs™ for previous plasma CVD. Higher
mobility values than ours have been reported by Liu et al. of
15004400 em”/ Vs and Liu et al. of 3845 cm’/Vs.t% 1t is
considered that the quality of bilayer graphene synthesized
by plasma CVD can be improved further.

The sheet resistance of synthesized graphene was 951 Q
on average in this study. This sample was doped by gold
chloride. Figure 13 shows the sheet resistance map after
being doped by gold chloride. As shown in Fig. 13, the
average sheet resistance of a 6 x 6 mm’ sheet was 130 Q and
the lowest sheet resistance was less than 100 Q.

By the development of plasma CVD using ultralow carbon
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Fig. 13 The sheet resistance map of graphene after wet
doping with gold chloride!
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source, the crystalline quality of synthesized graphene was
significantly improved, and the controllability of the number
of layers was also improved. As carbon sources for graphene
synthesis, we utilized trace amount of carbon contained in
the copper foil and carbon supplied from the environment in
the reaction chamber. Graphene of 60 % AB-stacked bilayer
graphene and 40 % of disoriented bilayer graphene was
synthesized. The sheet resistance of bilayer graphene was
951 Q on average, and the carrier mobility was 1000 cm?/
Vs at room temperature. The sheet resistance of 130 Q was

attained after doping with a gold chloride solution.

4 The development of large area graphene
synthesis technology

We attempted to synthesize A4 size large area graphene by
combining plasma treatment and joule heating using ultralow
carbon sources developed in this study. Figure 14 shows
an A4 size large area graphene transparent conductive film
which was synthesized on a copper foil substrate using the
above method and then transferred onto a PET film. The
optical transmittance of only graphene was 92 % (3.6 layers)
and the sheet resistance was less than 500 Q without doping.
In this way, we succeeded in fabricating a A4 size large area
graphene transparent conductive film using plasma treatment
of ultralow carbon sources developed in this study.

5 The relationship between Hall mobility and
crystalline quality

We examined the correspondence between Hall mobility and
crystalline quality by Raman spectroscopy measurements
of van der Pauw devices which measured the Hall mobility.
Here, the Raman intensity ratio of the D-band and the

IS4

Tz TN L (M 4X)
Geaphene/PET fhmy 4
(Msim) %
=HER 500

Fig. 14 A4 size large area graphene transparent
conductive film
Transmittance : 92 % and sheet resistance : less than 500 Q

CH, gas

G-band was an index for graphene crystalline quality. The
relationship between the Hall mobility and the intensity
ratio of the D-band/G-band is shown in Fig. 15. In this study,
we prepared two graphene films. One was synthesized by
plasma CVD using methane and hydrogen gas, the other was
synthesized by combining plasma treatment and the joule
heating method without using methane gas carried out in this
study. In the case of plasma CVD of the previous method,
the intensity ratio of the D-band/G-band was higher and
mobility was 10-100 e¢m*/Vs. On the other hand, in the case
of the novel method, the intensity of the D-band/G-band was
lower and mobility was 100-1000 cm”/Vs, and we succeeded
in achieving 10 times larger electric conductivity than the
previous method. From the intensity ratio of Raman signals
of the D-band and the G-band, it was possible to estimate the
graphene domain size.®" In the case of plasma CVD of the
previous method, the estimated graphene domain size was
17 nm. On the other hand, in the case of the novel method
which combined hydrogen plasma treatment and joule
heating, it was 170 nm. Also from this result, we confirmed
that the domain size had expanded to 10 times larger than the
previous method.

6 Estimation of domain size by dark-field
TEM

To directly estimate the domain size of the synthesized
graphene film by plasma treatment of this study, we measured
the graphene film by dark-field TEM. Graphene samples
transferred to a TEM grid using polymethyl methacrylate
(PMMA) were prepared. Figure 16(a) shows a bright-field
TEM image, and Fig. 16(b) shows the selected area electron
diffraction pattern (SAED). The graphene film seemed to be
relatively uniform in the bright-field TEM image, but many
family spots were observed in the SAED. The results suggest
that several domains with different orientations exist. The

(@) Plasma CVD with CH,/H, gases

T 1000f ® (®) H, plasma treatment without
a ® CH, gas
3
]
= o
E 100} g TS
8 i s} S
o L
2 ¢
L)
0 05 1 15 2

D-band/G-band peak intensity ratio

Fig. 15 The relationship between the Hall mobility and Raman
intensity D-band/G-band ratio!™
@ Plasma CVD using CH,/H, gas mixture, ® Hydrogen plasma treatment without

Copyright (2015), with permission from Elsevier

—-134 -

Synthesiology - English edition Vol.9 No.3 (2017)



Research paper : High quality and large-area graphene synthesis with a high growth rate using plasma-enhanced CVD (M. HASEGAWA et al.)

Table 2. Comparison table of graphene synthesis by plasma CVD and thermal CVD

Plasma CVD

- Low temperature process
- Large area deposition
(Deposition area increases by antenna)
- Wide layer control range
- High growth rate and continuous deposition
- High throughput
(Integration of pretreatment and synthesis
process)
- Low cost

dark-field TEM images of each spot are shown in Fig. 16(c)
and (d). Both figures suggest that the domain size is about
100 nm, which is consistent with the domain size estimated
from the Raman measurement.

7 Comparison of graphene synthesis by plasma
CVD and thermal CVD

Finally, based on results obtained in this study, comparison
of graphene synthesis by plasma CVD and thermal CVD
methods is shown in Table 2.

8 Summary and Future Perspectives

In this paper, we reported the attempt of the establishment
of high-throughput plasma-enhanced CVD for high-quality
graphene. By using plasma CVD methods, we elucidated
the mechanism of attaining high purity of the copper foil
surface by He/H, plasma pretreatment and the suppression
of silicon impurities from the quartz window. Furthermore,

we developed a plasma CVD method using ultralow carbon

Fig. 16 (a) TEM image, (b) the selected area electron
diffraction pattern, and (c) (d) The dark-field TEM images™
Copyright (2015), with permission from Elsevier

Thermal CVD

- High temperature process

- Deposition area is limited by CVD furnace
size

- Narrow layer control range

- Low growth rate

- Low throughput
(Pretreatment and synthesis process are
not integrated )

- High cost

sources for reduction of nucleation density, and the selective
bilayer graphene synthesis was attained combining plasma
CVD and joule heating. The grain size of graphene was
expanded to 10 times and the Hall mobility was improved to
1000 em’/Vs.

Though we did not mention in detail the difference between
plasma CVD and thermal CVD in this paper, we have
recently clarified the advantages of plasma CVD from

the view point of reduction of process time and process

temperature.“s]

In the near future, we want to push forward the establishment
of a high-throughput plasma CVD method for high-quality
and large-area graphene which exceeds the graphene quality
synthesized by the main current high-temperature thermal
CVD methods.
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Discussions with Reviewers

1 Overall
Comment (Shuji Abe, Musashino University)
This paper is very convincing as it experimentally investigates

details of plasma CVD synthesis technology for graphene
developed by the authors employing various original ideas, and
then it empirically describes high quality graphene synthesis that
has become possible through such efforts.

Comment (Hiroaki Hatori, AIST)

The technology that enables high-quality, high-speed, and
large-area synthesis of graphene is the key in the realization
of long-awaited transparent electrodes, and I think it is very
interesting to see a discussion of such a technological development
process in a synthesiological light. This paper is significant in that
it shows the course of R&D for the establishment of high-quality
high-throughput synthesis technology for graphene transparent
conductive films using plasma CVD.

2 Prospects for industrial production
Question and Comment (Shuji Abe)

The “ultralow carbon concentration plasma CVD” does not
use carbon-containing gas at all, and the materials for graphene
are the carbon supplied from the impurities in copper foil and
environment inside the reaction chamber, but these are factors
that cannot be controlled by engineering. Certainly, we see that
the crystal size is improved and the plasma treatment time is
shortened in the laboratory, but do you have prospect toward
industrial production?

Answer (Masataka Hasegawa)

Since it has become clear that the improvement of crystal
size is due to the reduction of nucleus formation site in ultralow
carbon concentration, monitoring the impurities in the production
process is important, and forming good quality graphene films
by reducing the number of nucleus formation sites is extremely
important in future industrial processes. Therefore, the supply
of excessive carbon reduces the quality of graphene, and
impurity monitoring from the reaction chambers and others
will be necessary in the industrial production. Currently, we are
conducting an A4-size bench scale experiment, and continuous
supply of carbon sources at optimal concentration will become
necessary for large-scale continuous film forming.

3 Technological selection for achieving the goal
Question and Comment (Hiroaki Hatori)

In this paper, the background of development, the scenario,
and the results based on this scenario are summarized for
each elemental technology including the solution for impurity
incorporation, the improvement of quality by reduction of
graphene nucleus formation density, and the development of
selective synthesis of double-layered graphene. Ultimately, you
succeeded in the synthesis of a large-area transparent graphene
conductive film. On the other hand, from the perspective of
technological selection toward the final goal of realizing the
transparent graphene electrode, I think the readers will better
understand the overall scenario by which the authors achieved
success in developing the large-area transparent graphene
conductive film if you discuss the differences of your technology
against the thermal CVD method that you mention partially in
this paper, and make contrasts with other competing technologies.
Answer (Masataka Hasegawa)

We created and inserted a table comparing the plasma CVD
and the conventional thermal CVD in Chapter 7, to allow easy
understanding of the superiority of the high-throughput plasma
CVD method.
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