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We have demonstrated a simple method for the synthesis of large area and mono- to few-layer graphene
on a nickel foil. A cellulose acetate laminate film was coated on a nickel foil as a solid carbon source.
Compared to previous synthesis methods using solid carbon sources, the mentioned carbon source can
be easily coated on the metal catalyst layer. The uniform graphene layer could be grown on the nickel
catalyst layer due to the uniformity of the solid carbon source layer, which was made of a cellulose
acetate laminate film coated by the cold press lamination process. The graphene was grown from the
cellulose acetate laminate film without explosive gaseous carbon sources usually used in the growth of
graphene by CVD methods. A series of processes mentioned above could start and end with the
lamination process. In order to control the thickness of the graphene layer, the graphene samples were
annealed at various temperatures and durations. The sheet resistance and transmittance of the
transferred graphene on a PET substrate were 4240100 Q sq.”" and 85-60%, respectively. To
demonstrate the practical use of graphene, a flexible PLED was fabricated on the graphene electrode
synthesized through the method mentioned above. The maximum luminance and luminance efficiency
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were 4040 Cd m 2 at 6.8 Vand 8.2 Cd A~ at 4.0 V. To our knowledge, this is the first report on a
typical PLED fabricated on the graphene electrode from a solid carbon source.

Introduction

In recent years, graphene has attracted great interest because of its
superb electronic and mechanical properties. Graphene has been
considered as a potential candidate for transparent conductive
electrodes due to its high transparency and electrical conduc-
tivity.*2 In order to apply graphene as the transparent conduc-
tive electrode, synthesis of large-area, uniform, transparent and
conductive graphene is needed. Much research has been carried
out for the synthesis of graphene since the graphene was first
detached from graphite and transferred onto an arbitrary
substrate in 2004.'* Synthesis of large-area graphene, has been
attempted by various methods such as chemical and electro-
chemical exfoliation,' chemical vapor deposition (CVD),> ! and
epitaxial growth.'*!S Among these methods, the epitaxial growth
method has some difficulties such as detaching the graphene from
substrates and high cost due to expensive substrates.'® The
chemical exfoliation method has been suggested as a possible
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T Electronic supplementary information (ESI) available: Fitted Raman
spectra, optical microscope images, comparison of transmittance versus
sheet resistance for graphene samples from this work with those from
gas-source CVD products reported before, Raman D to G peak ratio,
2D to G peak ratio, and FWHM of the 2D peak of graphene annealed
under various conditions. See DOI: 10.1039/c2jm33653g

approach to scalable synthesis; however, the electrical conduc-
tivity of the chemically exfoliated graphene is still lower than that
of the graphene grown by CVD.? The most advanced synthesis
method is CVD using a gaseous hydrocarbon source such as
methane or acetylene. The graphene grown by CVD exhibits the
highest transmittance and electrical conductivity.!

It is also possible to synthesize graphene by annealing other
reported carbon sources. Recently, growth of graphene from
other carbon sources has been reported. One such reported
carbon source is solid carbon such as a highly oriented pyrolytic
graphite, amorphous carbon, fullerene, and carbon dissolved or
ion implanted into a bulk metal catalyst.'*** However, growth of
graphene from these solid carbons has limitations that originate
from performing vacuum deposition or ion implantation.
Another carbon source reported for the synthesis of graphene is a
polymer. The polymer can be spin-coated on a metal catalyst
layer and subsequently converted to graphene.**?’ Graphene
was grown even from food, insects, and waste.?® However, these
approaches have suggested just a possibility of synthesis of gra-
phene from solid carbon sources.

Our approach for the growth of graphene is using a cellulose
acetate laminate film (CALF) as the carbon source. Compared to
previous synthesis methods, the large-area carbon source can be
easily coated on a metal catalyst layer by a lamination process. A
large-area graphene layer can be grown on a metal catalyst layer
from a CALF by post-annealing the uniformly coated large-area
CALF. Graphene was grown from the CALF without explosive
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gaseous carbon sources usually used in a CVD method, such as
methane. After growth of graphene, the graphene on a nickel foil
was transferred onto an arbitrary substrate such as glass or PET
film. A series of processes mentioned above could be started and
ended with a lamination process. As a practical application, the
resulting graphene film was applied to a flexible and solution
processable polymer light emitting diode (PLED). The flexible
PLED based on the flexible and transparent graphene electrode
was fabricated by the solution process, showing the promising
possibility of graphene as a flexible and transparent electrode.
Our approach of synthesis and transfer of graphene by the
lamination process could suggest a significant jump toward the
scalable synthesis from solid carbon sources and industrial
application of graphene.

Experimental
Synthesis of graphene samples

Graphene was grown by annealing a nickel foil coated with the
CALF. A 100 pm thick CALF was coated on a 10 pum thick
nickel foil (2 x 2 cm?) by using the cold press lamination process
and the nickel foil coated with the CALF was inserted into a tube
furnace. The samples were annealed at 800 °C, 850 °C, 900 °C
and 950 °C, respectively for 10 minutes in an ambient atmo-
sphere with Ar at a flow rate of 700 sccm. After annealing, the
samples were rapidly cooled to room temperature by removing
the samples from the hot zone to room temperature using a
magnetic rod. After growth of graphene, the graphene on nickel
foil was transferred onto an arbitrary substrate such as glass or
SiO, wafer or PET. 5 wt% PMMA dissolved in toluene was spin-
coated on the samples at 2000 rpm for 1 minute and subsequently
the PMMA coated samples were heated on a hot plate at 180 °C
for 1 minute. Then the PMMA/graphene/nickel foil samples were
floated over FeCl; solution to etch the nickel foil. After etching
the nickel foil, PMMA/graphene samples were transferred onto
an arbitrary substrate such as glass or SiO, wafer or PET.
Subsequently, the PMMA layer was removed by acetone.®*
The graphene could be transferred onto a flexible substrate such
as PET by the hot press lamination process. To treat the gra-
phene samples with HNO3, the samples were dipped in a HNO;3
solution for 5 minutes.

Fabrication of a flexible PLED

A PMMA layer was spin-coated on a graphene/nickel foil and
subsequently the nickel foil was etched by FeCl; solution. Then,
the synthesized graphene was transferred onto a PET substrate
after removing the PMMA layer by acetone. The flexible PLED
was fabricated on a graphene/PET substrate by a solution
process. The PEDOT:PSS layer was spin-coated on the gra-
phene/PET substrate at 1500 rpm for 60 seconds and subse-
quently the PEDOT:PSS coated graphene/PET substrate was
heated on a hot plate at 140 °C for 30 minutes. For an emissive
layer of a PLED, the commercially available polymer, known as
“Super Yellow-PPV” (Merck, PDY 132) was dissolved in toluene
at a concentration of 4 mg ml~'. On top of the PEDOT:PSS
layer, the SY-PPV solution was spin-coated at 2000 rpm for 60
seconds. Finally, a 1 nm thick LiF layer and a 120 nm thick
aluminum layer were deposited by thermal evaporation.

Characterization

Raman spectra were obtained using Horiba jobin Yvon (Lab-
RAM HR UV/Vis/NIR at 514 nm). The optical transmittance of
prepared samples was measured at the wavelength of 550 nm
using a UV-vis spectrometer (Shimadzu UV-3101 PC spec-
trometer). The sheet resistance of graphene samples was
measured by the van der Pauw four probe method. The lumi-
nance vs. applied voltage characteristics were measured using a
Keithley 2400 source measurement unit and a Konica Minolta
spectroradiometer (CS-2000).

Results and discussions

Fig. 1 illustrates the procedure for the growth of graphene from
the CALF. Graphene was grown by annealing the nickel foil
coated with the CALF. The CALF was coated on a nickel foil by
the cold press lamination process and the nickel foil coated with
the CALF was annealed in an ambient atmosphere with Ar.
After annealing, the samples were rapidly cooled to room
temperature. During the annealing process, the CALF decom-
posed into carbon, and the carbon atoms dissolved and diffused
into the nickel foil. During the rapid cooling, the dissolved and
diffused carbon atoms precipitated from the bulk nickel foil to
both sides of the nickel foil. After growth of graphene, the gra-
phene on nickel foil was transferred onto arbitrary substrates
such as glass or SiO, wafer. The graphene could be transferred
onto a flexible substrate such as PET by the hot press lamination
process. To treat the graphene samples with HNO3, the samples
were dipped in a HNOj; solution for 5 minutes.

Raman spectroscopy is a powerful tool to determine the
number of graphene layers and the quality of graphene.? In
order to analyze these properties, Raman spectroscopic analysis
(LabRAM HR UV/Vis/NIR at 514 nm, Horiba Jobin Yvon,
France) was carried out. Fig. 2 shows the Raman spectra of the
graphene grown from the CALF annealed at various tempera-
tures. For all samples, Raman spectra show the typical feature
of graphene. Three peaks are observed at ~1350 cm™',
~1595 cm™!, and ~2700 cm ™!, corresponding to the D peak, G
peak, and 2D peak, respectively. The shape of the 2D peak, the
full width half maximum (FWHM) of the 2D peak, and the
intensity ratio of the 2D to G peak are very important to analyze
the number of graphene layers. First, the intensity ratio of the 2D
to G peak being higher than 2, from 1 to 2, and lower than 1
indicates the monolayer, bilayer, and few layer graphene,
respectively. Second, the FWHM of the 2D peak being lower
than 45 cm ™', from 45 to 60 cm™!, and higher than 60 cm™!
suggests monolayer, bilayer, and a few layer graphene, respec-
tively. Third, the shape of the 2D peak indicates the number of
graphene layers. Only the shape of the 2D peak of the monolayer
graphene can be fitted with a single Lorentzian curve and is
symmetric. The shape of the 2D peak of the bilayer graphene
cannot be fitted with a single Lorentzian, but with four Lor-
entzian curves and is asymmetric. The shape of the 2D peak of
the few-layer graphene also cannot be fitted with a single Lor-
entzian curve and is asymmetric.3*3? According to these criteria,
mono- to few-layer graphene was grown for all samples annealed
at 800 °C, 850 °C, 900 °C, and 950 °C, respectively. As shown in
Fig. 2a, the intensity ratio of the 2D to G peak of the graphene is
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Fig.1 Schematics of growth of graphene from a CALF. A 10 pm thick nickel foil was coated with the 100 um thick CALF by the cold press lamination
process. After annealing samples in an ambient atmosphere with Ar, graphene was transferred onto a glass or PET substrate. In order to transfer
graphene onto the PET substrate, the nickel foil was coated with PET (PET/graphene/nickel foil) by the hot press lamination process and then etched by

FeCl; solution.

higher than 2 and the FWHM is lower than 45 cm™". In addition,
the shape of the 2D peak is well fitted with a single Lorentzian
curve and is symmetric (see Table S1 and Fig. S1, ESIf). It
indicates that the number of graphene layers is one. In Fig. 2b,
the intensity ratio of the 2D to G peak of the graphene is from 1
to 2 and the FWHM is from 45 to 60 cm™!. The shape of the 2D
peak is not fitted with a single Lorentzian, but with four

Lorentzian curves and is asymmetric (see Fig. S2, ESIT). Fig. 2¢
shows the Raman spectra of the few-layer graphene. The inten-
sity ratio of the 2D to G peak of the graphene is lower than 1 and
the FWHM is higher than 60 cm™!. Fig. 2d shows the intensity
ratio of the D to G peak of the samples annealed at various
temperatures. The intensity ratio of the D to G peak is an
important index to identify the quality of graphene because the D
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Fig. 2 (a) Raman spectra of monolayer graphene annealed at various temperatures. (b) Raman spectra of bilayer graphene annealed at various
temperatures. (c) Raman spectra of few-layer graphene annealed at various temperatures. (d) Ratio of the D to G peak of graphene annealed at various

temperatures.
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Fig. 3 (a) Sheet resistance and transmittance of graphene annealed at Fig. 5 (a) Sheet resistance and transmittance of graphene annealed for
various temperatures. (b) Photo images of graphene on a PET substrate. various durations. (b) Photo images of graphene on a glass substrate. (c)
Graphene was transferred onto the PET substrate by the hot press Photo image of a 4 x 3 cm? graphene on a PET substrate. Sheet resis-
lamination process. Sheet resistance: 250 Q sq.”", transmittance: 64%. tance: 180 Q sq.”!, transmittance: 63%.

peak originates from defects present in graphene. As shown in
Fig. 2d, the intensity ratio of D to G decreased with increasing
annealing temperature. With increasing annealing temperature,
high quality graphene was grown on the nickel foil.

Fig. 3a shows the sheet resistance and transmittance of the
graphene samples annealed at various temperatures and treated
with HNOj;. The sheet resistance and transmittance of the as-
grown graphene samples were measured after transferring onto a D, = Dmexp( QID) ?)
PET substrate. The sheet resistance of as-grown graphene
samples were 4240, 1200, 360, and 150 Q sq.~" at 800, 850, 900,
and 950 °C, respectively. The transmittance of as-grown gra-
phene samples at 550 nm were 85, 84, 76, and 60%, respectively.
The sheet resistance and the transmittance decreased with
increasing annealing temperature. An amount of carbon
diffusing into the nickel foil is affected by temperature. The
number of carbon atoms that diffuse from the CALF into nickel
foil is given by:

where D, is the diffusion coefficient, C, is the concentration of
carbon, and x is the position. This equation is known as Fick’s
first law of diffusion. The diffusion coefficient is closely related to
the temperature. This can be simplified to an Arrhenius-type
equation, that is

where D, is the maximum diffusion coefficient at infinite
temperature and Qjp is the activation enthalpy for the diffusion.
The diffusion coefficient increases exponentially with tempera-
ture.*® Therefore a higher annealing temperature allows a larger
amount of carbon to diffuse into the nickel. Subsequently, a large
amount of carbon diffuses and precipitates on the nickel surface
during annealing, resulting in an increase in the area of thicker
graphene. Therefore, it is obvious that the area of thicker gra-
phene increased at higher annealing temperature (see Fig. S3,
ESIY). Due to the increased area of thicker graphene, one can see
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Fig. 4 (a) Raman spectra of mono- to few-layer graphene annealed at 950 °C for 90 s. (b) Raman spectra of mono- to few-layer graphene annealed at
950 °C for 120 s. (c) Raman spectra of mono- to few-layer graphene annealed at 950 °C for 150 s. (d) Raman spectra of mono- to few-layer graphene
annealed at 950 °C for 180 s. (e) Ratio of the D to G peak of graphene annealed at various durations.
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Fig. 6 (a) Device structure of a flexible PLED on the graphene/PET substrate. (b) Schematics of fabrication of a flexible PLED by the solution process.
(c) Luminance vs. voltage characteristics of flexible PLEDs on graphene with various sheet resistances and transmittances. Inset shows a bent operating
PLED. (d) Luminance efficiency vs. voltage characteristics of flexible PLEDs on graphene with various sheet resistances and transmittances. (e) Device
performance of flexible PLEDs with various sheet resistances and transmittances.

lower sheet resistance and transmittance with higher annealing
temperature. To reduce the sheet resistance, the graphene
samples were treated with HNOj. The sheet resistance of HNO3-
treated samples were 2540, 720, 210, and 100 Q sq.’l at 800, 850,
900, and 950 °C, respectively. There was no significant change in
the transmittance. The sheet resistance of the graphene samples
was reduced after HNOs treatment. It can be ascribed to hole
carrier increase due to chemical doping with HNO3.?® The sheet
resistance and transmittance of the graphene samples were also
measured after being transferred onto a PET film. After the
growth of graphene, it was transferred onto the PET film by
the hot press lamination process. Fig. 3b shows photo images of
the graphene samples after transferred onto the PET film. The
sheet resistance and the transmittance of graphene samples on
the PET film were 250 Q sq.~! and 64%, respectively.

Graphene was also grown with various durations of annealing.
The graphene samples were annealed at 950 °C for 90, 120, 150,
and 180 seconds, respectively. Fig. 4 shows the Raman spectra of
the graphene samples annealed for various durations (see Table
S2, ESIt). According to the known criteria, mono- to few-layer
graphene were grown from all samples.

The sheet resistance and the transmittance of the graphene
samples annealed for various durations were also investigated.
Fig. 5a shows sheet resistance and transmittance of the graphene
samples annealed for various durations. The sheet resistance of
graphene samples were 1660, 600, 500, and 250 Q sq.”! for 90,
120, 150 and 180 seconds, respectively. The transmittance of the
graphene samples at 550 nm were 84, 82, 75, and 71%, respec-
tively. The sheet resistance and the transmittance decreased with
increasing duration of annealing. The amount of carbon
diffusing into the nickel increases with time. With increasing

duration of annealing, the area of the thicker graphene becomes
enlarged and increased (see Fig. S4, ESIt). Consequently, the
sheet resistance and the transmittance decreased with longer
annealing time. These results were comparable to the ones
obtained for graphene grown on the nickel layer using CVD with
a gaseous hydrocarbon source (see Fig. S5, ESIt).

The resulting graphene film transferred onto the PET substrate
was applied as a flexible and transparent electrode of PLED. The
device structure of a flexible PLED fabricated on the graphene/
PET substrate consisted of graphene/poly(3,4-ethylenedioxythio-
phene)poly-(styrenesulfonate) (PEDOT:PSS)/Super Yellow (SY)/
LiF/Al as shown in Fig. 6a. The flexible PLED was fabricated by
the solution process. Fabrication of the flexible PLED on gra-
phene/PET substrate is schematically described in Fig. 6b. The
PEDOT:PSS and SY layers were spin-coated on the graphene/
PET substrate and subsequently the LiF and aluminum layers
were deposited by thermal evaporation. The device characteriza-
tions of PLEDs are presented in terms of the luminance versus the
applied voltage and the luminance efficiency versus the voltage, as
shown in Fig. 6¢ and d. The maximum luminance and luminance
efficiency were 4040 Cdm > at 6.8 Vand 8.2 Cd A~' at4.0 V. The
inset in Fig. 6¢c shows a flexible and yellow-emitting PLED fabri-
cated on the graphene/PET substrate. As summarized in Fig. 6e,
among different annealing conditions of graphene, the lowest
turn-on voltage and the highest power efficiency were 2.4 V and
6.6 1m W' at 3.6 V, respectively. To our knowledge, it is the first
report on the typical PLED fabricated on the graphene electrode
from a solid carbon source although there have been reports on
inverted-structure PLEDs,**  light-emitting electrochemical
cells,*>*¢ and vacuum deposited organic light emitting diodes.*”
Our demonstration of graphene as a flexible and transparent
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electrode of PLED shows that the graphene electrode could be a
promising candidate for a flexible and transparent electrode.

Conclusions

In summary, we have demonstrated a simple method for the
synthesis of large area and mono- to few-layer graphene on a
nickel foil. The CALF was coated on a nickel foil as a solid
carbon source. Compared to previous synthesis methods using
solid carbon sources, the mentioned carbon source can be easily
coated on the large-area metal catalyst layer. The large-area
graphene layer could be grown on the nickel catalyst layer due to
the uniform thickness of the solid carbon source layer, which was
made of the CALF coated by the cold press lamination process.
Graphene was grown from the CALF without explosive gaseous
carbon sources usually used in the growth of graphene by a CVD
method. A series of processes mentioned above could be started
and ended with a lamination process and the sheet resistance and
transmittance of graphene were controlled by parameters used
for the synthesis of graphene. This synthesis method could offer a
practical way to synthesize large-area graphene from solid
carbon sources. To demonstrate the practical use of graphene, a
flexible PLED was fabricated on the graphene electrode
synthesized through the method mentioned above. Our demon-
stration of graphene as a flexible and transparent electrode of
PLED shows that the graphene electrode obtained from solid
carbon sources could be a promising candidate for a transparent
and flexible electrode.
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