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Uniformly distributed graphene domains were synthesized on standing copper foil by a low-pressure chemical vapor deposition
system. This method improved the distribution of the graphene domains at different positions on the same piece of copper foil along
the forward direction of the gas flow. Scanning electron microscopy (SEM) showed the average size of the graphene domains to be
about ~20 ym. This results show that the sheet resistance of monolayer graphene on a polyethylene terephthalate (PET) substrate
is about ~359 (/0 whereas that of the four-layer graphene films is about ~178 /0, with a transmittance value of 88.86% at the
550 nm wavelength. Furthermore, the sheet resistance can be reduced with the addition of HNO, resulting in a value of 84 /0.
These values meet the absolute standard for touch sensor applications, so we believe that this method can be a candidate for some

transparent conductive electrode applications.

1. Introduction

Tin oxide is a wide bandgap semiconductor with a low n-
type resistivity (~10> Qcm) and high transparency (~90%)
in the visible light region. Up to now, indium tin oxide (ITO)
has been the most common choice for many devices such as
solar cells [1], light emitting diodes [2], and touch panels [3].
However, ITO is unlikely to continue to be utilized to meet
future needs due to its high cost, scarcity, and irreversible
loss in conductivity on bending [4]. Zinc oxide (ZnO) based
thin films have attracted interest as conductive oxide films
because of their low cost and abundance of the elements.
They are also nontoxic and easy to fabricate [5]. However,
as with ITO, the stretching of zinc oxide based films also
leads to irreversible loss in conductivity on bending. The
unique properties of graphene, a two-dimensional material
packed into a honeycomb lattice of sp> carbon atoms, have
attracted much attention in recent years [6]. In comparison
to ITO and ZnO thin films, graphene films have high
transmittance in the visible region, high mechanical strength,
are chemically stable, and, last but not least, are flexible [7].

Production of high quality, uniform grain size and large
area graphene films is necessary for electrode applications.
Very recently, Li et al. demonstrated a transfer technique
for the stacking of four-layer graphene films which showed
a sheet resistance and transmittance of 350 /00 and ~90%,
respectively [8]. Bae et al. reported layer-by-layer stacking for
the fabrication of a HNO; doped four-layer graphene film
with a measured sheet resistance value as low as ~30 Q/00 at
~90% transparency [9]. Most importantly, the distribution of
the graphene domains is not equal at the different positions
on the same copper foil along the forward direction of the
gas flow [10-12]. Zhang et al. studied the synthesis of large
area, uniform graphene films on tilted copper foil against
gas flow in a chemical vapor deposition (CVD) system. The
films showed improved conductivity and transmittance, ~
600 Q/0 and 96.5% at 500 nm, respectively [13]. For touch
sensor applications, it has a sheet resistance less than 100 /00
and optical transparency ~90%. In this study, we synthesize
uniformly distributed graphene domains on standing copper
foil in a low-pressure chemical vapor deposition (LPCVD)
system.
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FIGURE : (a) Schematic representation of the LPCVD system showing the (b) copper foil standing on the quartz plate. The inserted image

displays marks on the copper foil for SEM measurement.
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FIGURE 2: (a) SEM images show the distribution of graphene domains on the standing copper foil (the scale bars are 10 ym). (b) SEM image
shows the poor distribution of graphene domains on copper foil with conventional method.

2. Experiments

Graphene films were grown on 25um thick copper foil
(99.8%, Alfa-Aesar, item no. 13382) using an LPCVD method
similar to that used in a previous study [14]. The copper was
electropolished in a homemade electrochemistry bath. The
electropolishing solution was made up of 50 mL of deionized
(DI) water, 20 mL of ethanol, 20 mL of isopropyl alcohol
(IPA), and 100 mL of phosphoric acid, and a voltage in the
range from 2 to 4 V was applied for 60 s. After this, the copper
foil was washed with DI water and dried with nitrogen gas
for 5min. In the growth process, a 2 x 2 cm? piece of folded
copper foil was loaded into a 3-inch reaction chamber. The
chamber was pumped down to 10~ torr, and then high purity
hydrogen gas was introduced with a 20 sccm of flow rate
during temperature ramp-up of the furnace with 480 mTorr.
The copper foil was annealed at 1035°C in the hydrogen flow

for 40 min. Then, 0.36 sccm of methane (purity, 99.99%) was
used as a carbon source for another 3 min prior to observation
of the distribution of each graphene domains. The working
pressure was 500 mTorr. After the growth process, a rapid
cool down method was applied. Polymethyl methacrylate
(PMMA) was used to transfer graphene films by using spin-
coating method with 3000 r.p.m. for 20s, then baking at
130°C for 1min on a hot plate. Since graphene grows on
both sides of the Cu foil, O, plasma was applied to remove
the unwanted graphene for 10s. The Cu foil was etched
away by FeCl; solution overnight. The PMMA/graphene
stack was rinsed with DI water, 2% hydrochloric acid (HCI),
and DI water again. PMMA/graphene stacks were placed
on the substrate, and the PMMA was then dissolved in an
acetone bath over 24 hours. The distribution of the graphene
domains was measured by scanning electron microscopy
(SEM); the transmittance spectra of the continuous grapheme
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FIGURE 3: The comparison of the standing copper method and the
conventional method on the electrical property.

films were measured by a Hitachi U-4100 spectroscope; the
sheet resistance was measured using a four-probe stage;
and the quality of graphene film was measured by Raman
spectroscopy with an excitation laser beam at a wavelength
of 514 nm. The laser was focused by a 50x objective lens with
a numerical aperture value of 0.75 onto about a 1 um” area of
the sample, and the laser power at the focused spot was 2 mW
for the 514 nm wavelength.

3. Results

Figure 1(a) shows a schematic representation of the LPCVD
system. The copper foil was folded and standing on the quartz
plate, as shown in Figure 1(b). The image inset in Figure 1(b)
shows marks on the standing copper for SEM measurement
after the growth process. The distribution of the graphene
domains has been a problem in previous studies [10-12].
However, we were able to grow a uniformly distributed
graphene domain on the standing copper. The carbon atoms
were easily transported to the copper surface, and the density
of the graphene domain was controlled by the hydrogen
flow rate and working pressure [11]. Figure 2(a) shows the
average size of the graphene domain, which was about
~20 yum with ~90% coverage area in our work. Nevertheless,
Figure 2(b) shows the poor distribution of graphene domain
with conventional way and the setups similar to one described
elsewhere [14]. These results indicate that using the standing
copper method can improve the distribution of the graphene
domains at different positions on the same copper foil
along the forward direction of the gas flow. We compare
the sheet resistance between our case and the conventional
method after graphene film transferred on glass substrates.
Figure 3 demonstrates that our work results in a uniform
performance on the electrical property, but the conventional
synthesis method for graphene film results in a widening
gap of performance on the electrical property, and this is a

significant issue for many applications. Figure 4(a) displays
the Raman spectrum whose peaks are typical of graphene,
including a 2D/G ratio as high as ~2.6. The full width
half maximum (FWHM) of the 2D peak is 28.5cm™; the
existence of single layer graphene was confirmed. A small
D/G peak ratio of 0.22 indicates that the amount of defects
introduced during the transfer process was negligible. The
inserted image in Figure 4(a) shows a 1 x 1 cm” sized piece of
graphene film that was transferred onto a SiO, (300 nm)/Si
wafer for the Raman measurement. The transmittance data
as a function of wavelength for the graphene stacks is shown
in Figure 4(b). The graphene films placed on a PET substrate
ranged from single layer to four layers with a relatively high
transmittance of about 88.86% at A = 550 nm wavelength.
The attenuation coeflicient (« = 2.65%) was fitted by Beer’s
Law. This is much closer to the theoretical value of 2.3% at
the A = 550 nm wavelength [15]. The higher attenuation for
this result was perhaps due to the metal clusters, metal ions,
and wrinkles from the transfer process. Figure 4(c) shows
the sheet resistance of the monolayer graphene obtained
with the standing copper method which was 359 /0. The
value was 178 /O for four layers. It was easy to fabricate
heavily p-doped graphene with 63% HNO; for 5 min [9], after
which the sheet resistance of the four-layer graphene film
decreased from 178 /0 to 84.6 /0. The results showed an
obvious decrease in the average sheet resistance. Based on
this achievement, we further studied the effect of bending
on the sheet resistance by fabricating a large scale graphene
(5 x 5cm?) transparent conductive electrode (TCE) on a
PET substrate (Figure 4(d) inset), as shown in Figure 4(d).
The graphene TCE was subjected to a two-point bending
stage. The sheet resistance increased from 0.1% to 9.8%
with a bending radius from 10 mm to 4 mm, respectively.
After the bending radius reached 4 mm, the sheet resistance
increased by only 0.9% and showed faultless recovery after
straightening.

4. Conclusion

In summary, a method for the growth of uniformly dis-
tributed graphene domains on a standing copper substrate via
low-pressure chemical vapor deposition has been proposed.
The values of the sheet resistance of four-layer graphene
before and after being doped by HNO, were 178 /0 and
84.6 /0, respectively. The transmittance data as a function
of the wavelength for the four-layer graphene shows values
as high as 88.86% at the A = 550nm wavelength. The
standing copper method can be scaled up provided there
are no limitations of the substrate and growth system. The
uniformity of the sheet resistance is strongly dependent on
the distribution of the graphene domains. Owning to the
diffusion of carbon, either on the standing copper foil was the
same. This method improved the distribution of the graphene
domains at different positions on the same piece of copper foil
along the forward direction of the gas flow. We believe this
method can be a candidate for some transparent conductive
electrode applications.
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FIGURE 4: (a) Raman spectrum of monolayer graphene on the SiO, (300 nm)/Si wafer (inserted image). The 2D/G ratio is about ~2.6, and
the FWHM of the 2D peak is 28.5cm™". A small D/G peak ratio of 0.22 was introduced during the transfer process. (b) Transmittance of
stacked graphene films at A = 550 nm as a function of the number of stacked graphene layers. (c) Sheet resistance of stacked graphene films
as a function of the number of stacked graphene layers before and after being doped by HNO,. (d) Variation in the electrical resistance of the

graphene film for a bending radius from 10 mm to 4 mm.
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