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Patterned Growth of Graphene over Epitaxial Catalyst

Hiroki Ago,™ Izumi Tanaka, Carlo M. Orofeo, Masaharu Tsuji, and Ken-ichi lkeda

Rectangle— and triangle-shaped microscale graphene films are grown on

Keywords:
epitaxial Co films deposited on single-crystal MgO substrates with (001 ) and . catalysis
(111) planes, respectively. A thin film of Co or Ni metal is epitaxially « epitaxy
deposited on a MgO substrate by sputtering while heating the substrate. « graphene

Thermal decomposition of polystyrene over this epitaxial metal film in « pattern formation
vacuum gives rectangular or triangular pit structures whose orientation and

shape are strongly dependent on the crystallographic orientation of the MgO

substrate. Raman mapping measurements indicate preferential formation of

few-layer graphene films inside these pits. The rectangular graphene films

are transferred onto a SiO,/Si substrate while maintaining the original shape

and field-effect transistors are fabricated using the transferred films. These

findings on the formation of rectangular/triangular graphene give new

insights on the formation mechanism of graphene and can be applied for

more advanced/controlled graphene growth.

1. Introduction

Graphene has been attracting great interest because of its
ideal two-dimensional (2D) n-conjugated network with atomic-
scale thickness.!"'l Single- and few-layer graphene films show
excellent and unique physical properties, such as extraordina-
rily high carrier mobility and the quantum Hall effect.>””)
The mechanical flexibility and high optical transparency of
graphene films are useful for flexible electronics'® 1% and their
high surface area can be applied to sensors.!'+?!

Mechanical exfoliation of highly-oriented pyrolytic gra-
phite (HOPG) has been frequently used to prepare graphene
films but there are broad distributions in their sizes, structures,
and film thicknesses.!'! Epitaxial growth over a single-crystal
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SiC substrate through thermal evaporation of Si atoms also
gives high-quality graphene.[">~'"! Single crystals of transition
metals, such as Ni(111),'%I Ru(0001),°?! and 1r(0001),”*!
give well defined graphene films via catalytic pyrolysis of
hydrocarbon molecules in ultrahigh vacuum. However, the
single crystals of SiC and metals are very expensive and their
size is limited. Thus, they are not suitable for practical
applications.

Recently, chemical vapor deposition (CVD) of hydro-
carbon feedstock over transition metal films has emerged as a
promising method to synthesize large-area graphene films with
relatively low cost.2*28 The metal films act as a catalyst of
graphene growth that generally involves decomposition of
carbon feedstock, dissolution of carbon atoms into the metal
film, and precipitation of graphitic carbons on the metal surface.
One main problem is that these metal films are polycrystalline;
either free-standing metal foils®**! or evaporated films
deposited on Si wafers with an amorphous oxide layer (SiOy/
$1)2?" have been studied so far. Reflecting the polycrystalline
nature of the metal catalysts, the domain size of graphene is
relatively small and many domain boundaries are present in
the film. Therefore, it is important to investigate a crystalline
metal film as catalyst for well defined graphene synthesis.
One possible approach is to use an epitaxial metal film
deposited on a single-crystalline substrate, such as sapphire
(a-ALO3) and single-crystal MgO.[**?!l These crystalline
substrates are widely used and less expensive and larger wafers
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are commercially available compared with the single-crystal
metal substrates. Nostudies on the catalytic growth of graphene
over such epitaxial metal films have been reported to the best of
our knowledge. As for the carbon source, since most of the
current CVD growth utilizes methane gas,'**2*! other carbon
sources are also interesting to study. Because the thickness of
graphene films grown by CVD is usually controlled by the
cooling rate of the substrate after reaction with methane, ** a
more simple method is expected.

In this Full Paper, we report the catalytic growth of graphene
films on the epitaxial Co and Ni films deposited on single-crystal
MgO substrates with (001) and (111) planes. A thin film of
polystyrene (PS) was used as carbon source instead of a
hydrocarbon gas and simple annealing of the PS/Co/MgO
sample in vacuum resulted in graphene formation. Rectangular
and triangular pit structures were formed on the Co films
on MgO (001) and MgO (111) substrates respectively and
graphene films were found to grow preferentially inside these
pits. In addition, the rectangular graphene films were trans-
ferred onto a SiO,/Si substrate with nearly 100% yield using a
poly(methyl methacrylate) (PMMA) film. A field-effect
transistor (FET) was demonstrated using the transferred
graphene.

2. Results and Discussion

2.1. Characterization of Metal Catalysts

Figure 1 illustrates the experimental procedure. An
epitaxial Co film of 50-nm thickness was deposited onto a
single-crystal MgO substrate by radio frequency (RF) magne-
tron sputtering while controlling the substrate temperature.
Two different substrate temperatures, room temperature (RT)
and 300 °C, were studied. This substrate temperature was found
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Figure 1. Preparation process of rectangular and triangular graphene
over epitaxial Co films deposited on MgO (001) and MgO (111)
substrates, respectively.

small 2010, 6, No. 11, 1226-1233

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

small

to be important for the epitaxial growth, as will be discussed
later. PS (M, =280000) was spin-coated from a tetrahydro-
furan (THF) solution with 300-1000-nm thickness. Next, the
PS/Co/MgO substrate was annealed in vacuum (~10~*Pa) at
900 °C for 10-30 min.

First, we studied the quality of the Co films deposited on
MgO(100) substrates by using X-ray diffraction (XRD). When
Co was deposited on the MgO substrate without heating, no
diffraction peak was observed from the Co film (Figure 2a,
lower), suggesting an amorphous structure. On the other hand,
when sputtered at high substrate temperature, the deposited Co
showed a clear diffraction peak from a B-Co(002) plane
(Figure 2b, lower). The B-Co phase corresponds to a face-
centered cubic (fcc) structure. This result indicates the
formation of a crystalline Co film with the surface parallel to
MgO(001) plane, denoted B-Co(001)//MgO(001). We annealed
these Co/MgO substrates at 900 °C for 30 min in vacuo to
observe the change in the crystallinity of the Co films (Figure 2a
and b, upper). The crystallinity was greatly improved for both
samples. However, as shown in the inset of Figure 2a, the RT-
sputtered film coalesced significantly and lost the continuous
film structure after vacuum annealing. In the case of the high-
temperature-sputtered film, the film maintained the smooth
surface even after annealing and showed the strongest Co(002)
diffraction peak. Therefore, sputtering at high substrate
temperature is very important for graphene synthesis because
of the thermal stability and high crystallinity of Co films. It is
noted that our Co thickness (50 nm) is much thinner than those
used in previous CVD studies (300 nm,?” 500 nm,?*! or thick
foil>*28]). This is advantageous because we can reduce the
amount of metal catalyst and a thinner film is easier to remove
for transfer processes.

Figure 2c shows an optical microscopy image of the heat-
treated epitaxial Co film that was sputtered at 300 °C. A number
of rectangular pits with 5-20-um size appeared on the Co
surface upon annealing. The atomic force microscopy (AFM)
images of a rectangular pit are shown in the Supporting
Information (Figure S1). In some of the rectangular pits, a step—
terrace structure was observed at the bottom suggesting
remnants of Co film, although some seem to have no Co metal
at the bottom of the pit. Electron back-scattered diffraction
(EBSD) was also performed for the annealed sample (Figure
2d). It was confirmed that the substrate surface is fully covered
with B-Co(001) plane except for the pits. Because the EBSD
was measured by inclining the sample at ~70°, the electron
beam did not fully enter into the pits so they appeared black. We
found that the in-plane orientation of the Co film matches that
of the underneath MgO, which can be denoted as 3-Co[100]//
MgO[100]. This result indicates the formation of the epitaxial
Co film on the MgO(100) substrate. It is likely that observed
rectangular pits originated in the lattice strain inside the Co film
because of the large mismatch between the lattice constants of
B-Co (0.354nm) and MgO (0.421nm). During substrate
heating, pits are created on the Co surface to release this
lattice strain. Considering the orientation of the pits and
the slope of theirsidewall, we speculate that the Co(111) surface
that appeared at the sidewall of the pits is due to the relative
stability of the (111) plane.
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Figure 2. XRD profiles of as-prepared and annealed Co films deposited on MgO(001).

The Cofilmswere sputtered ata) room temperatureand b) 300 °C. Theinset shows a photograph
of the substrate after annealing at 900 °C in vacuum. The substrate size is about 10

mm x 10 mm. c¢) Optical microscopy image and d) EBSD data of the annealed Co/Mg0(001)

substrate shown in the inset of (b).

2.2. Synthesis of Graphene Films on MgO(oo01)

For the synthesis of graphene, PS was spin-coated on the
epitaxial Co metal sputtered on MgO(001) at high temperature,
followed by annealing in high vacuum at 900 °C. As seen in
Figure 3a—c, a number of rectangular pits were also observed
after annealing in the presence of PS. The density of the
rectangular pits was around 500-3000 pits mm 2. The AFM
image at the bottom of the pit shows a wrinkle surface
(Figure 3d), suggesting a film-like structure. Raman mapping
images are displayed in Figure 3e and f. Interestingly, both the
G-band (1583 cm™!) and 2D-band (2700 cm ") were mainly
observed inside the rectangular pits, suggesting the preferential
formation of graphene films. Outside of the rectangular pits,
either a very weak and discontinuous Raman signal or no signal
was detected. The Raman spectra measured at three different
points are shown in Figure 3g. It is reported that the relative
intensity of G/2D bands represents the number of layers of
graphene; the relative intensity of G to 2D bands increases with
increasing number of layers.[25 2728321 Based on the previous
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assignment, the films at points B and C are
estimated to be 2-5 layers of graphene.
However, at point A, a low 2D/G ratio was
observed, which suggests partial formation
of relatively thick film inside the pit.

In Figure 3h and i, three neighboring
pits were mapped. These images also
support the preferential formation of
graphene films inside pits. The thickness
of graphene film differs in each pit but, in a
number of rectangular pits, Raman spectra
of few-layer graphene were observed
(Figure S2). Generally, thinner graphene
gave a weaker Raman signal with lower
signal-to-noise (S/N) ratio under the same
measurement conditions. Figures 3j—1 and
S3 show cross-sectional transmission elec-
tron microscopy (TEM) images measured
for the sample cut from a rectangular pit
using a focused ion beam (FIB). These
images prove that the formation of gra-
phene layers inside the pit. The thickness
depends on the pit and we obtained mainly
2-5 layers but, at some areas, single-layer
graphene was observed, as shown in
Figure 3k. It is interesting to note that
the Co metal was not observed at the
interface between graphene and MgO in
many pits, which will be discussed later.
The formation of the pit structure has
already been demonstrated!®?! but this is
the first time that graphene has been
shown to preferentially form inside
the pits.

Since Raman spectra of graphene films
grown by the CVD method have not been
well characterized on metal catalyst films or
metal oxide substrates, we transferred as-
grown graphene films for more reliable
evaluation. 1 Dissolving Co metal catalyst in a dilute HCl
solution gave floating graphene films on the surface of the HCI
solution. These floating films were caught by a SiO,/Si substrate
by immersing the substrate into the solution, although the films
were too small to observe by eye. An AFM image of a
transferred film is shown in Figure 4. Note that the rectangular
shape was maintained even after the transfer process. This
signifies the formation of a continuous graphene film inside a
rectangular pit. The height of the transferred film was
determined to be ~1.3nm from the AFM imaging, proving
the transfer of few-layer graphene. We observed that the
graphene transferred onto the SiO,/Sisubstrate gives a stronger
Raman signal than the as-grown graphene on the Co pits, as
seen in Figure 4c. This is consistent with the previous report on
the substrate dependence of Raman intensity."**! The D-band,
which is associated with defects in graphene network, became
stronger after the transfer, indicating the introduction of
damage to the graphene during the transfer process. This
transfer method frequently gave folded graphene films, as
shown in the Supporting Information (Figure S4), except for

[32.34
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Figure 3. a)Opticalmicroscopy, b) SEM,and c,d) AFMimages ofthe rectangularpits formed afterthermaltreatment of PS on the epitaxial Co/MgO(001)
surface. Spatial Raman intensity of e) the G and f) 2D bands of the rectangular pits. Inset of () shows the corresponding optical microscopy image.
The excitation wavelengthis 514.5 nm. g) Raman spectra measured at the three different points denoted in the mapping image. h,i) Raman mapping
images of three neighboring rectangular graphene films shown in (e). j) Cross-sectional TEM image nearthe pit edge and TEM images of k) single-layer

and |) 4-5-layer graphene films formed inside a pit.

relatively thick graphene films, which maintained their original
shape. Moreover, the yield of the transfer was very low.
Therefore, for more efficient transfer, we covered the
substrate surface with a PMMA film and mechanically
stabilized this PMMA film using thermal tape.’> After
dissolving the Co metal catalyst in a HCI solution, the thermal
tape/PMMA/graphene film was transferred onto a
SiO,(300nm)/Si substrate. Finally, the thermal tape and
PMMA were removed by baking and dissolving in acetone,
respectively. The optical microscopy image of the transferred
films is shown in Figure 5a and b. Due to the protective PMMA
layer, most of the rectangular graphene maintained its original
shape after the transfer process. In addition, the density of the
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graphene films was nearly same as the original density formed
on the Co surface, proving almost 100% transfer yield.

For statistical analysis of the number of graphene layers, the
relative G/2D intensity of the Raman spectra were measured
for 50 rectangular graphene films transferred using PMMA
(Figure 5c). The G/2D intensity varied from 0.8 to 1.5, indi-
cating the predominant formation of 2-5 layers of gra-
phene.®?3%] The full width at half maximum (FWHM) of the
2D-band is plotted in Figure 5d. The 2D FWHM distributes
within 42-62 cm ™!, which also suggests the formation of 2-5
layers. We also studied the contrast of the optical microscopy
image of the transferred graphene films by comparing with that
of exfoliated graphene prepared from HOPG (Figure S5).
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Figure 4. A transferred graphene film deposited on a SiO,/Si substrate: a) AFM image, b) height profile, and c) Raman spectrum.

Generally, the optical microscopy images show the contrast of
few-layer graphene, which is consistent with the Raman data
(Figure 5c and d).

2.3. Synthesis of Graphene Films on Mg0(111)
Substrates and/or Ni Catalysts

We also investigated the graphene growth on the Co film
epitaxially deposited on a MgO(111) substrate. Interestingly,

triangular pits predominantly appeared on the Co metal surface
and consequently, triangularly shaped graphene films were
preferentially formed inside these pits. An optical microscopy
image of the pits and the Raman mapping images are shown in
Figure 6. The orientations of all the pits were the same, which
proves the strong epitaxial relationship between the Co film and
the MgO substrate. In the case of MgO(111), the formation of
triangular pits occurred inhomogeneously; that is, the density
varied within the substrate. Locally, a density comparable to the
square pits was obtained. Our results show
that a macroscopic structure of graphene
film can be obtained by using epitaxial
metal films without employing any litho-
graphic technique. Raman spectra of edges
of rectangular or triangular graphene films
are interesting and further study is
necessary.

Epitaxial Ni metal films were studied as
acatalyst and we confirmed that rectangular
and triangular graphene films were also
grown on Ni/MgO(001) and Ni/MgO(111),
respectively (see Figure S6). This can be
understood by the similar lattice structure

20} (c) N (d) . of B-Co (lattice constant: 0.354 nm) and Ni
(Nihas only a fccstructure: 0.352 nm). Clear
| ‘:; 6ol ;. differences in the quality of graphene were
S o f0 : not observed when compared with Co metal
£ = Sed o, catalysts. This result suggests that our
3 L ‘ PO .
8 10+ = 5l 23 e epitaxial metal approach can 'be applied
E . .. .. % to other metal catalysts, including Cu.?¥
o [ ]
i sl ‘ 2.4. Formation Mechanism of
Patterned Graphene Films
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Figure 5. a,b) Optical microscopy images of the rectangular graphene films on a Si0,/Si
substrate. The graphene films were transferred with the aid of a PMMA protective layer.
¢) Histogram of the relative G/2D intensity measured by Raman spectroscopy for 50 graphene

films. d) FWHM of the 2D peak plotted against the relative G/2D ratio.
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Here, we discuss the formation mechan-
ism of graphene inside the rectangular/
triangular pits on the epitaxial metal film. A
proposed growth mechanism is illustrated
in Figure 7. The PS film decomposes at
elevated temperature and most of the
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Figure 6. a) Optical microscopy image of triangular pits formed by
heating PS/Co/MgO(111) in vacuum. The Raman mapping images of
b) the G band and c) the 2D band. The measured area is marked in (a).

decomposed fragments are expected to be desorbed from the
metal surface due to the vacuum conditions. However, some of
the decomposed carbon atoms dissolve into the metal. Because
the dissolved carbon atoms are regarded as an impurity in the
metal, these carbon atoms are discharged from the metal
catalyst simultaneously with the formation of the pit structure.
We tried to synthesize graphene films by thermally decom-
posing PS on the preannealed substrate, which has many pits,
butno graphene or discontinuous graphene films were observed
in the pits. Therefore, we conclude that the pit formation and
the graphene growth occur simultaneously. Another possible
scenario is the partial penetration of the Co metal into the MgO
substrate during the annealing process, similar to the reported
thermal diffusion of Fe into MgO matrix for the Fe/MgO-
supported catalyst that was used for single-walled carbon
nanotube growth.[37] However, since a cross-sectional TEM
image (Figure 3j) showed a clear interface between Co and
MgO, it is unlikely that the Co metals with 50-nm thickness are
dissolved into the MgO substrate.

graphene

Co 7 \\=// 8

MgO0

\

Figure 7. Proposed growth mechanism of few-layer graphene films
inside a pit. At the annealing temperature, the pit structure develops
together with carbon diffusion, resulting in the formation of graphene
inside the pit.
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Figure 8. Transfer characteristics of a rectangular graphene film
transferred onto a SiO,/Si substrate. (V4=0.1V, channel length and
width are 3 mm and 6.5 mm, respectively)

Our proposed mechanism (Figure 7) provides a new means
to grow graphene films directly on the insulating substrate,
which is important for device fabrication. It is considered that
the graphene formation in pits is different to the standard CVD
growth, in which carbon precipitation occurs from the planar
metal film during the cooling process.**! The dynamic and
synergetic process of carbon precipitation and metal recon-
struction observed in the present study would give a new insight
into the growth mechanism of graphene. We tried thermal CVD
with methane feedstock under atmospheric pressure but it gave
a rough surface and inhomogeneous graphene films with no
unique regular structures (Figure S7). Thus, our catalytic
polymer decomposition offers a new and unique method to
synthesize graphene.

2.5. Transport Property

Finally, field-effect transistors (FETs) were fabricated using
transferred rectangular graphene films, as depicted in Figure 8.
Because of the unique graphene structure, we did not need to
use O, plasma to etch out a workable area for FET fabrication.
Most of the devices showed a weak modulation of the drain
current in the range of —40 to 40 V, reflecting a semimetallic or
zero-gap-semiconductor electronic structure. The devices
showed clear Dirac points, mainly at V,~0-15 V, which is
the typical signature of graphene. The n-type conduction was
slightly suppressed in our transferred graphene, which can be
due to the doping induced by the adsorption of O, and/or
H,0.8 The suppression of n-type conduction was reported by
Arco et al. for CVD-grown graphene.*! Our method provides
high-density micrometer-scale graphene films with a specific
microstructure and few-layer thickness, so it can be useful for
double-gated devices for the control of electronic structure. ]

3. Conclusions
In this work, we propose, for the first time, the use of
epitaxial metal films deposited on a single-crystal substrate as

the sacrificing layer for graphene growth. On MgO(001) and
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(111) substrates, unique rectangularly and triangularly shaped
few-layer graphene films, respectively, were preferentially
produced inside the pits. This demonstrates a method to grow
specific graphene structures in a self-organized manner. The
rectangular/triangular shape does not require any lithographic
or etching processes, which are commonly used for large-area
graphene synthesis. The preferential formation of graphene
films inside these pits suggests the precipitation of carbon atoms
at defects/grain boundaries of the epitaxial metal film after
diffusion inside the film. Thermal decomposition of the
polymer precursor offered a simple route to graphene growth
while maintaining the crystallinity of the metal catalyst film. We
found that the formation of pits occurred simultaneously with
graphene precipitation, which is important for further under-
standing of the graphene precipitation mechanism. The
graphene was successfully transferred onto a Si substrate by
using a PMMA film without deforming the original shape. A
FET was demonstrated using the transferred graphene film.

4. Experimental Section

Preparation of epitaxial metal films: Co or Ni metal films were
deposited on either MgO (001) or (111) substrates by RF
magnetron sputtering (Shibaura Mechatoronics Corp., CFS-4ES).
During sputtering, the MgO substrate was heated at 300 °C with a
power of 200 W under an Ar atmosphere (0.6 Pa). For comparison,
sputtering was also performed at RT. The thickness of the
sputtered Co (or Ni) film was fixed to be ~50nm. The film
thickness was calibrated by sputtering onto a substrate patterned
with photoresist; after lift off, the film thickness of the metal film
was determined by AFM.

Synthesis of graphene films: PS (M, =280 000, Aldrich) was
first dissolved in THF (0.07 wt%). The solution was spin coated
onto the Co/MgO or Ni/MgO substrate with 300-1000-nm
thickness. After spin coating, the substrate was annealed in
vacuum (~10"%Pa) at 900°C for 10-30min using an infrared
furnace (ULVAC Corp., MILA-3000). The heating and cooling rates
were 200 °C min~* and ~300°C min~?, respectively.

Transfer of graphene films: After thermal annealing, the
surface of the Co/MgO substrate was covered with PMMA
(M, =1000000, Aldrich) by spin coating. Thermal tape
(Revalpha, Nitto-Denko) was attached onto the PMMA film. Next,
the metal catalyst film was dissolved by dipping into HCl solution
(3%) to release the graphene protected with thermal tape and
PMMA. After washing with deionized (DI) water, the thermal tape/
PMMA/graphene was placed on a SiO, (300 nm)/Si substrate. The
thermal tape was removed by baking at 120 °C and the PMMA film
was dissolved by acetone. We also transferred the graphene films
by simply removing the metal catalyst film by the HCl solution
without thermal tape/PMMA protective layers. In this case, the
floating graphene films were transferred by immersing the SiO,/Si
substrate into the HCl solution followed by washing in DI water.
Without the protective layers, most of graphene films were folded
during the transfer, as shown in Figure S4.

Characterization of graphene and metal catalysts: Raman
spectra and mapping images were measured with a JASCO NRS-
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2100 using an excitation wavelength of 514.5nm at ~1-um spot
size. TEM images were measured with a HITACHI H-9500 at a
300 keV acceleration voltage for the sample sliced with a FIB
(HITACHI NB5000). AFM images were measured with a Veeco
Nanoscope Illa. The crystallinity of an epitaxial Co film was
measured by XRD at the Kyushu Synchrotron Light Research Center
(beam line BL-15) and by a scanning electron microscopy (SEM)
system equipped with a EBSD (HITACHI S-3000H, TSL Solutions
OIMm).

Fabrication and measurement of FETs: Patterns of Au elect-
rodes were deposited on the transferred graphene films after lift
off. The back-gated FET measurement was carried out with an
semiconductor analyzer (Agilent, B1500A) using a probe station at
RT. The measurements were carried in vacuum (=5 x 10~*Pa).
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