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Graphene nanopatches (GNs) on graphene films grown by
chemical vapor deposition (CVD) were synthesized by Ni
nanoparticle assembly and subsequent CVD growth to
enhance their electrical conductivity. As a result, the sheet
resistance of hexagonally shaped GN-assembled graphene
films decreased from 681.7+11.2 to 527.2+47.0 Q/sq with
97.9% transparency. This improvement in electrical
conductivity was a result of p-type doping of the GNs on
graphene films and the generation of additional charge
carrier conducting paths to diminish defect scattering,
which was a result of enhanced extracted-hole mobility of
the GN-assembled graphene films.

Recently, direct synthesis of graphene using a chemical vapor
deposition (CVD) process has been considered a facile
approach to producing large-area uniform graphene films to
replace indium tin oxide (ITO) in transparent and flexible
electronics.® However, the structure and quality of CVD-
graphene films are very sensitive to preparation conditions such
as humidity, temperature and gas flow, and CVD graphene has
a polycrystalline structure prone to topological defects such as
dislocations and grain boundaries. These defects can scatter the
charge carrier, resulting in significant deterioration in the
electrical conductivity of graphene films.”® Therefore, many
efforts are being devoted to the synthesis of high-quality
graphene sheets via the healing processes of defect-rich
graphene layers. This process enhances electrical conductivity
by employing various nanostructures as dopants to control the
carrier concentration in graphene.”'' For instance, metal
nanowires (NWs) and carbon nanotubes (CNTs) have been
assembled with CVD-graphene films in order to decrease the
sheet resistance by allowing the metal NWs and CNTs to bridge
structural defects and avoid disruption in the graphene
films.'*!* However, the high contact resistance between
NWs/CNTs and the graphene films and a significant loss of
optical transmittance in hybrid graphene films remain obstacles
to achieving high-performance transparent electrodes (TEs).
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In this communication, we suggested a facile methodology to
enhance the electrical conductivity in CVD-graphene films by
assembly of Ni nanoparticles (NPs) and subsequent growth of
graphene nanopatches (GNs) on graphene films. The optical
transmittance and sheet resistance of the GNs were examined in
order to ascertain the capabilities of graphene-based TEs. This
assembly process achieved enhancement of the electrical
conductivity with a negligible loss of optical transmittance in
the GNs on graphene films. We also demonstrated the potential
for GN-assembled graphene sheets as TEs in a transparent
prototype capacitor for an electrostatic touch panel. This
approach will provide an efficient synthesis method for high-
quality graphene sheets by reusing low-quality graphene films
grown under non-optimized growth conditions, and will reduce
the production cost of high-quality graphene sheets.
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Fig. 1. Schematic diagrams of the formation of GNs on graphene/Cu via Ni NP
assembly on graphene films and subsequent CVD growth.

Fig. la shows schematic diagrams of the formation of GNs on
graphene films synthesized on Cu for improved electrical
conductivity of graphene-based TEs. First, a single layer
graphene on Cu foil was synthesized via thermal CVD. The Cu
foil was heated to 1000 °C in the CVD chamber, and graphene
was synthesized sequentially on the Cu surface by introducing
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CH, gas with H, and Ar. This large-scale CVD-grown graphene
sheet had a poly-crystalline structure and the nature of the
domain boundaries. These structural defects may act as internal
scattering centers for electron waves and degrade the transport
properties of graphene compared to the theoretical value or data
from exfoliated graphene.'*'> Solving the problem of the
suboptimal electrical property required either the integration of
graphene and nanostructures to increase graphene conductance
or the healing of low-quality graphene sheets without the
degradation of the optical transmittance and electrical
conductance. Here, we synthesized GNs on CVD-graphene
using Ni NPs as catalysts, and utilized GNs as electrical bridges
between CVD-graphene grain boundaries or through structural
defects. Ni NPs for GN synthesis were assembled on graphene
films by dipping them in NiCl, solution (Fig. 1b). Most Ni NPs
were located on defects or disruptions such as wrinkles, ripples,
and folds due to the oxygen-rich functional groups and the high
reactivity of the defects and disruptions. The formation of
disruptions originated from the difference between the thermal
expansion coefficient of the Cu and that of the graphene film.'®
After the second CVD growth of GNs on the graphene sheets,
the CVD reactor was cooled to room temperature (Fig. 1c).
Poly(methylmethacrylate) (PMMA) was spin-coated onto the
graphene sheet with GNs, and the Cu foil was removed by
copper etchant (dilute FeCl; solution in deionized water). The
PMMA-coated graphene sheet was then transferred to a target
substrate, such as SiO, or polyethylene terephthalate (PET).
Finally, PMMA was carefully removed by acetone (Fig. 1d-f).
Importantly, in our conductance-enhancing process, GNs were
synthesized directly on the graphene sheet. Because graphene
with GNs was stable during PMMA -assisted wet-transferring, it
was more suitable for the graphene-based devices or TEs than
graphene composites such as graphene sheets attached with
metal NWs.

Journal Name

synthesized on the Ni NPs formed at the defects or wrinkles.
The formation of GNs on graphene films implied that Ni NPs
played a crucial role in the formation of nucleation sites for
GNs. Additionally, similar to a previous report, the shape and
size of the graphene domain could also be controlled by
adjusting growth conditions.® Fig. 2e exhibits atomic force
microscope (AFM) images of GNs on graphene films, showing
a GN height of approximately 3-4 nm. The Ni 2p X-ray
photoelectron spectroscopy (XPS) of graphene sheets after Ni
NP assembly and the second CVD process is shown in Fig. 2f.
The spectrum can roughly be divided into two peaks split by
spin-orbit coupling, corresponding to 2p;,, (Eg = 873.8 eV) and
2p32 (Eg = 855.9 V) of NiCl,. After the formation of the GNs,
the Ni 2p peaks disappeared, presumably due to either the
presence of 3-nm-thick GNs or the thermal evaporation of Ni
NPs.
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Fig. 2. Characterization of graphene nanosheets with GNs. SEM images of (a)
pristine graphene on Cu, (b) Ni NPs distributed on graphene/Cu foil, and (c,d)
GNs on graphene/Cu after the second CVD growth. (e) AFM images of GNs on
graphene/Cu foil after the second CVD growth and the height profile. (f) Ni 2p
XPS spectra of Ni NP-assembled graphene and graphene sheets with GNs.
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Fig. 3. Spectroscopic Raman mapping of graphene-based sheets. (a) Raman
spectra for pristine graphene, graphene sheets with GNs after the second CVD
growth (b) I,p/lc map, (c) G-band position map, (d) G-band FWHM map, and (e)
Io/lg map for pristine graphene and GNs on graphene.

The presence of wrinkles was observed in pristine CVD-
graphene on Cu foil, as shown in Fig. 2a. After the assembly of
Ni NPs in the NiCl, solution, well-defined spherical NPs were
formed adjacent to the defects or wrinkles in the graphene
sheets (Fig. 2b). This result can be explained by the fact that the
defects or curvature induced by the wrinkles created stable
nucleation centers for nano-particlization. The formation of
wrinkles originated from the difference between the thermal
expansion coefficient of the Cu and that of the graphene film.'®
After the second CVD growth, hexagonally-shaped GNs
adjacent to the defects or wrinkles were formed unambiguously
(Fig. 2c,d). GNs with specific crystallographic direction were
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The electrical interaction between the graphene film and the
GNs was analyzed by resonant Raman spectroscopy. The
Raman spectra of pristine graphene, non-Ni-treated and GN-
assembled, clearly showed the graphene fingerprints, the D-, G-
, and 2D-bands (Fig. 3a). The G-band is associated with normal
first-order Raman scattering involving an electron and doubly
degenerated phonons (iTO and iLO) at the zone center.'” The
2D-band originated from an intervalley, double-resonance
Raman process which involved an electron and two iTO
phonons at the K point.'” Raman maps taken from each
graphene film transferred onto SiO, substrates showed
discernible variations in the intensity ratio of 2D- to G-bands
(Lp/Ig), the position of the G-band (P(QG)), the full-width at half
maximum (FWHM) of the G-band (W(G)), and the intensity
ratio of D- to G-bands (Ip/Ig) (Fig. 3b-e). Of particular interest
was the significant decrease in the I,p/Ig value of GN-
assembled graphene sheets compared with pristine graphene.
The G-band experienced a blueshift and the FWHM of the G-
band decreased, which indicated p-type doping by charge
transfer from the GNs to graphene. This process was induced
by the work function difference between the materials due to
the existence of oxygen-containing functional groups (—OH and
—COOH) at the edge of the GNs, which were supported by the
Raman map of Ip/Ig (Fig. 3e). One important criterion in the
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synthesis method for industrial applications is the uniformity of
GN-assembled graphene sheets, and this Raman analysis of
large-scale graphene sheets with GNs (40 um x 40 pm)
confirmed that GNs were synthesized uniformly on single
graphene sheets. These results proved that our method could be
applied to convert low-quality graphene sheets into graphene
for industrial-level TEs.
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Fig. 4. (a) Sheet resistance and (b, c) optical transmittance of non-Ni-treated and
Ni-treated graphene sheets as a function of CVD cycle. Photographs of non-Ni-
treated graphene (insect in (b)) and Ni-treated graphene (insect in (c)) onto glass
substrates after the second CVD growth. Transfer curves (Vps = 0.01 V) of (d)
pristine graphene and (e) graphene films with GNs at room temperature. (f) Plots
of the CNDP and the Bhole for pristine graphene and the GNs on graphene. (g)
Schematic illustration (left) and frequency dependency of the dielectric constant
(right) of the capacitor based on graphene sheets with GNs.

Fig. 4a illustrates the sheet resistance of non-Ni-treated and Ni-
treated graphene films transferred onto SiO, (300 nm)/Si(001)
substrates as a function of CVD cycle. First, a graphene layer
with a sheet resistance of 681.7+11.2 Q/sq was prepared. After
the second CVD process, the sheet resistance of the non-Ni-
treated graphene sheet increased significantly (1237+193.2
Q/sq). This result suggested that structural defects were
inevitably formed on graphene sheets when H, gas was
introduced at high temperature during the second CVD process,
resulting in an increase in electrical resistance. Conversely, the
sheet resistance of Ni-treated graphene formed by assembling
Ni NPs on graphene in NiCl, solution decreased from
681.7+11.2 to 527.2+47.0 Q/sq after the second CVD process.
In a previous report, CVD-graphene assembled with metal
MWs dramatically decreased the resistance of graphene films.'?
Similarly, the GNs synthesized in this study bridged structural
defects and repaired disruptions in graphene films, which
dramatically reduced the sheet resistance of graphene. Although
the GNs were formed on graphene films, the optical
transmittance at 550 nm of the films increased slightly. This
result could be explained by the removal of amorphous carbon
on the graphene films during the second CVD process (Fig. 4c¢).
This result indicated that the conditions employed for the
formation of the GN optimized its size and density, and
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enhancement of the electrical conductivity was achieved with a
negligible variation of optical transmittance in graphene-based
TEs by inducing the formation of the GNs on graphene films.
In order to evaluate the electrical transport properties of GNs on
graphene films, we fabricated electrochemically gated
graphene-based field effect transistors (FETs).'®! Fig. 4d,e
shows transfer curves (Ips-Vgs) of graphene-based FETs and
GN-assembled graphene FETs. The transfer curve at Vpg =
0.01 V exhibited ambipolar behavior with a charge neutral
Dirac point (CNDP) at 0.21 V and hole-electron conduction
asymmetry due to the unintentional p-type doping of the
graphene by water molecules.”” In the case of the GN-
assembled graphene FETs, a significant shift in the CNDP
toward a positive Vgg at 0.5 V was observed unambiguously,
indicating p-type doping of the GNs on graphene films. Based
on the transfer curves, the extracted hole mobility (ppee) Was
601 cm*V-s for the graphene FETs and 1668 cm?/V-s for the
GNss (Fig. 4f). This result may have been due to the additional
conducting paths for the charge carrier in graphene generated
during formation of the GN-assembled graphene sheets
generated, which diminished the defect scattering. These GN-
assembled graphene sheets were tested as a TE in a graphene-
based metal-insulator-metal (MIM) capacitor, which has been
integrated into mutual-capacitive touch screens. In our
experiment, two TEs were replaced by graphene sheets with
GNs on glass substrates (Fig. 4g). A commercial flexible
optical clean adhesive (OCA, 3M, 100-pm-thick) film was
utilized as the organic insulator between the two graphene-
based TEs. The dependence of the dielectric constant (¢) of
graphene-based capacitors as a function of frequency is shown
in Fig. 4g. The dielectric constant was 4.5 at 1 kHz as the
applied frequency was increased from 1 kHz to 1 MHz, which
was similar to the CVD graphene-based capacitor and
Au/OCA/ITO capacitor in our previous studies.?' This analysis
showed that a graphene-based transparent capacitor can be
synthesized using only graphene sheets converted from low
quality graphene films. This method may pave the way for
industrial-level production of graphene-based TEs.

Conclusions

We demonstrated a facile method to improve electrical
conductivity via the formation of GNs on CVD-graphene sheets.
After Ni CVD growth,

hexagonally-shaped GNs were observed adjacent to the

NP assembly and subsequent
wrinkles and defects in graphene films. The sheet resistance of
graphene films decreased from 681.7+11.2 to 527.2+47.0 Q/sq
with 97.9% transparency after the formation of the GNs.
Raman spectroscopy and electrical transport measurements
suggested that this improved electrical conductivity was a result
of p-type doping of the GNs. This effect was most likely due to
charge transfer from the GNs to graphene, which originated
from the higher work function of the GNs due to the oxygen-
containing functional groups (-OH and -COOH) at the edge of
the GNs. In addition, the extracted hole mobility of the GN-
assembled graphene films increased significantly from 601 to
1668 cm?/V-s. Notably, these results may present a feasible and
reliable route for enhancing electrical conductivity in graphene-
based TEs with a negligible loss of optical transmittance.
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