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G
raphene, a monolayer of carbon at-
oms arranged into a hexagonal lat-
tice, has attracted a great interest

because of their unique structure and
promising properties.1 In particular, extra-
ordinary high carrier mobilities, chemical
stability, and a two-dimensional structure
that is applicable to top-down lithography
promise applications in future electronic de-
vices such as touch panels, high frequency
transistors, solar cells, and logic circuits.2�5

Exfoliated graphene has been widely used
because highly crystalline graphene, ob-
tained by simply a transfer from graphite
using scotch tape, lacks uniformity in thick-
ness and size.1 For practical applications,
making high-quality, large-area graphene
with homogeneous thickness is demanded.
Thermal decomposition of SiC and vacuum
pyrolysis over transition metal crystals, such
as Ru(0001), Ir(111), Ni(111), offer well-
defined single- and/or few-layer graphene
films.6�12 However, these single crystalline
substrates are very expensive and their
available size is limited.

Recently, catalytic chemical vapor depo-
sition (CVD) has been applied to grow large-
area graphene at low cost.13�17 Ni film de-
posited on a SiO2/Si wafer has been widely
investigated for the CVD growth, but the
graphene suffers from inhomogeneous film
thickness which varies from single to
multilayers.13�16 Being different from a Ni
film, a Cu film was reported to catalyze the
growth of single-layer graphene selec-
tively.17 This catalytic effect of Cu is ex-
plained by the self-limiting mechanism due
to very low carbon solubility in Cu (�0.03
atom % at 1000 °C18).17 On the other hand,
because Ni has much higher carbon solubil-
ity at high temperature (�1 atom %18), it is
believed that multilayer graphene forma-

tion is inevitable; but the graphene precipi-
tation occurs via bulk diffusion of carbon
atoms in a Ni film so that control of the
number of layers is quite difficult.19

All the CVD syntheses reported so far uti-
lized polycrystalline metal films, including
Ni and Cu films, as the catalyst. Reflecting
this polycrystalline nature of the catalyst, as-
synthesized graphene films have many do-
main boundaries, and, importantly, the ori-
entation of the hexagonal lattice has not
been addressed for the CVD-grown
graphene so far.

Here, we present the formation of a crys-
talline Co film on a sapphire c-plane sub-
strate and successive growth of uniform
and orientation-controlled single-layer
graphene over the Co film. The single crys-
talline Co film is obtained by high tempera-
ture sputtering and H2 annealing. Although
Co has high carbon solubility (�1 atom % at
1000 °C18) similar to Ni, single-layer
graphene selectively grows on our crystal-
line Co film. Our result shows that the
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ABSTRACT Epitaxial chemical vapor deposition (CVD) growth of uniform single-layer graphene is

demonstrated over Co film crystallized on c-plane sapphire. The single crystalline Co film is realized on the sapphire

substrate by optimized high-temperature sputtering and successive H2 annealing. This crystalline Co film enables

the formation of uniform single-layer graphene, while a polycrystalline Co film deposited on a SiO2/Si substrate

gives a number of graphene flakes with various thicknesses. Moreover, an epitaxial relationship between the as-

grown graphene and Co lattice is observed when synthesis occurs at 1000 °C; the direction of the hexagonal lattice

of the single-layer graphene completely matches with that of the underneath Co/sapphire substrate. The

orientation of graphene depends on the growth temperature and, at 900 °C, the graphene lattice is rotated at

22 � 8° with respect to the Co lattice direction. Our work expands a possibility of synthesizing single-layer

graphene over various metal catalysts. Moreover, our CVD growth gives a graphene film with predefined

orientation, and thus can be applied to graphene engineering, such as cutting along a specific crystallographic

direction, for future electronics applications.
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crystallinity of the metal catalyst determines the homo-

geneity of the graphene film. Furthermore, when we

synthesize graphene at 1000 °C, the graphene orienta-

tion completely matches that of the underneath Co lat-

tice, indicating epitaxial graphene growth under atmo-

spheric CVD. Mis-orientation of graphene against the

Co lattice with a rotation angle of 22 � 8° is observed

when the graphene is grown at 900 °C.

RESULTS AND DISCUSSION
Figure 1 illustrates our approach of the epitaxial

CVD growth of graphene over a crystalline Co film. In

the traditional CVD experiment (Figure 1a), a metal film

is deposited on a Si wafer with an oxide layer at the

top (SiO2/Si substrate). Reflecting the amorphous na-

ture of the surface SiO2 layer, the metal film has a poly-

crystalline structure that contains a number of grain

boundaries. Graphene formed on this polycrystalline

metal consists of many small domains with different

layer numbers, which might deteriorate the intrinsic

properties of ideal graphene. As graphene has a ten-

dency to precipitate from the grain boundaries of a

metal catalyst film, the presence of many grain bound-

aries gives uncontrollable precipitation of graphene.19

Alternatively, as illustrated in Figure 1b, we prepare a

highly crystalline metal film by deposition on a single

crystal substrate. In this work, we used c-plane sapphire

as a substrate, because large sapphire wafers are avail-

able with relatively low cost owing to the demands

from the light emitting diode (LED) industry, and crys-

tal films, such as Cu and Ag, are obtained on the sap-

phire c-plane due to matching of the symmetry and

little lattice mismatch.20 Sapphire’s thermal and chemi-

cal stability is also suitable for CVD growth. A uniform

graphene film is epitaxially grown by atmospheric CVD

on this crystalline Co film. We previously reported that

few-layer graphene is preferentially formed inside

triangular- and square-shaped pits when thin Co film

(50 nm) and polystyrene are used as catalyst and car-

bon precursor, respectively,21 but no large-area homo-
geneous graphene films were obtained.

Graphene films were synthesized by atmospheric
CVD with a mixed flow of CH4 and H2 gases mainly at
1000 °C. The substrate was quenched after the reaction
by rapid removal from the furnace.13,14,22 The reaction
scheme is displayed in the Supporting Information (Fig-
ure SI-1). For comparison, the CVD at 900 °C was also
performed. The Co film and as-grown graphene were
investigated by X-ray diffraction (XRD), optical micro-
scope, and scanning electron microscope (SEM)
measurements, as shown in Figure 2. First, we studied
effects of the sputtering temperature and annealing
condition. When the Co was sputtered onto c-plane
sapphire at room temperature (RT), two diffraction
peaks were observed after the CVD at 1000 °C (Figure
2a). The peak at 52° is assigned to Co face-centered cu-
bic (fcc) (002) diffraction, and the peak at 44° is as-
signed to either hexagonal close-packed (hcp) Co(0002)
or fcc(111). The presence of two peaks indicates the
polycrystalline nature of the Co film even after the CVD
at a high temperature of 1000 °C. Moreover, the micro-
scope images show very rough Co morphology (Figure
2e), indicating deterioration of the Co film probably due
to heat-induced melting and deformation.

When a Co film was sputtered onto a sapphire sub-
strate which is heated at 500 °C, the Co fcc(002) diffrac-
tion peak disappeared while the Co hcp(0002) (or Co
fcc(111)) peak remained (Figure 2b). This suggests im-
provement of the crystallinity of the Co film. In the high-
temperature sputtering, Co atoms can easily migrate
due to excess energy supplied from the heated sub-
strate and form more ordered crystalline structure. It is
known that the transition of bulk Co occurs from the
hcp structure to the high-temperature stable fcc struc-
ture at a temperature of �415 °C.23 Considering the
rapid quenching after CVD, Co fcc(111) substrate is
likely to be preserved, but an electron backscatter elec-
tron diffraction (EBSD) analysis suggested the forma-
tion of hcp(0001) surface, as will be shown later. We

Figure 1. Schematics of the CVD growth of graphene over Co films deposited on SiO2/Si (a) and sapphire c-plane (b) sub-
strates. (a) Polycrystalline Co film is formed on the SiO2 surface, which gives disordered graphene with broad layer distribu-
tion and randomly orientated small domains. (b) On the other hand, crystalline Co film is formed on sapphire c-plane and as-
sists the growth of uniform, well-defined graphene with controlled orientation.
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note that both hcp(0001) and fcc(111) structures have
the same surface atomic arrangement with closest
packing geometry. The degree of crystallization of the
500 °C-sputtered Co film is still not high enough, be-
cause the intensity and width of the Co hcp(0002) (or
Co fcc(111)) peak are similar to those of the RT-
sputtered Co film (see Figure 2a,b). As seen from Fig-
ure 2f, the Co film became smoother by sputtering at
the high temperature, but small triangular pits were
seen by an optical microscope. The same orientation
of these pits suggests the crystalline nature of the Co
film. One can see relatively thick graphene flakes with
several �m sizes on the Co surface. These graphene
flakes correspond to the light brown and dark gray
areas in the optical microscope and SEM images, re-
spectively. Note that these flakes have various contrasts,
signifying a broad distribution in the number of
graphene layers.

We have thoroughly studied postdeposition treat-
ment to achieve a more uniform graphene film and
found that heat treatment in H2/Ar flow at the moder-
ate temperature can improve the crystallinity of the Co
film. The optimized H2 annealing temperature and pe-
riod were 500 °C and 3 h, respectively. Although some
groups used H2 annealing at the temperature used for
CVD (900�1000 °C),13,14 we found that the moderate
temperature (500 °C) is more suitable for our sputtered
Co films on sapphire; the H2 annealing at the CVD tem-
perature deteriorated the quality of the Co film, mak-
ing the surface rougher. The H2 annealing at 500 °C
greatly improved the crystallinity of the Co film, as seen
from the stronger diffraction peak and narrower peak
width compared with the nonannealed sample (see Fig-
ure 2b,c). This result verifies the formation of highly

crystalline Co film on c-plane sapphire after the appro-
priate processes. Reflecting the highly crystalline na-
ture, the Co film shows continuous and smooth sur-
face with no pits. Moreover, no thick graphene flakes
were seen by the optical microscope and SEM images
(Figure 2g), which is quite different from other samples.
As we will discuss later, the uniform contrast repre-
sents the formation of uniform single-layer graphene
on the Co film. The atomic force microscope (AFM) im-
age also showed the smoothest surface (see Supporting
Information, Figure SI-2c).

For comparison, we studied the crystallinity of a Co
film that is deposited on the SiO2/Si wafer at 500 °C.
Even after the H2 annealing, multiple diffraction peaks
were obtained by the XRD (Figure 2d) with a new peak
corresponding to a Co hcp(101̄1) phase. This result
highlights the polycrystalline nature of the Co film.
Microscope images shown in Figure 2h indicate the for-
mation of thick graphene flakes together with irregular-
shaped pits. The irregular-shape of the pits also sup-
ports the polycrystalline Co structure.

Crystalline orientation and grain size of Co films
were further investigated with (EBSD). Supporting Infor-
mation, Figure SI-3 indicates the orientation distribu-
tions of Co films deposited on c-plane sapphire and
SiO2/Si. The Co film on sapphire is suggested to have
an hcp(0001) plane normal to the surface. Importantly,
no clear grain boundaries were observed in the in-
spected area (80 �m � 200 �m), signifying the forma-
tion of the single crystalline Co film. On the other hand,
the Co on SiO2/Si mainly has a fcc(001) surface with a
large number of grain boundaries and it shows various
in-plane orientations. It is apparent that the Co on
SiO2/Si is polycrystalline with a grain size of less than 3

Figure 2. (a�d) XRD profiles of the Co films measured after CVD at 1000 °C. (e�h) Optical microscope (left) and SEM (right) images of
the metal surfaces obtained after the CVD. (a,e) Co film was sputtered at room temperature on c-plane sapphire and subjected to the
CVD. (b,f) Co film was sputtered at 500 °C on c-plane sapphire and subjected to CVD. (c,g) Co film was sputtered at 500 °C on c-plane sap-
phire, annealed at 500 °C in H2/Ar flow for 3 h, and then subjected to CVD. (d,h) SiO2/Si substrate was used instead of sapphire with
other experimental conditions identical to those in panels c,g.
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�m. These results are consistent with the XRD profiles

shown in Figure 2.

We also found that the crystallinity of a Co film is de-

pendent on the crystal plane of sapphire substrates.

On a- and r-plane sapphire substrates, the Co films have

polycrystalline structure and consequently gave thick

graphene flakes, as depicted in Supporting Information

(Figure SI-4). Only c-plane sapphire gave crystalline Co

film and uniform graphene. Therefore, we conclude

that a substrate greatly influences the crystallinity of

the catalyst metal film and that symmetry of the sub-

strate is essential for the crystallization of the film.

Shown in Figure 3a is the cross-sectional transmis-

sion electron microscope (TEM) image of the graphene/

Co/c-plane sapphire. The specimen was directly cut

from the substrate surface using focused ion beam

(FIB). One can see that single-layer graphene is present

on the Co surface. For wide area inspection, the

graphene film was transferred onto a target SiO2(300

nm)/Si substrate. Figure 3b,c shows optical microscope

images of the graphene films transferred from the Co

films deposited on c-plane sapphire and SiO2/Si sub-

strates (both samples were sputtered at 500 °C and sub-

jected to the H2 annealing). The graphene transferred

from the Co/c-plane sapphire showed uniform color

contrast which can be assigned to single-layer

graphene based on Raman and optical measurements,

as will be described later. On the other hand, the

graphene transferred from Co/SiO2/Si (Figure 3c)

showed a wide color contrast, suggesting the forma-

tion of multilayer graphene flakes together with single-

layer graphene. These results are consistent with the

micrographs taken before the transfer (see Figure 2g,h).

It is noted that the image of the transferred graphene

from Co/SiO2/Si (Figure 3c) resembles that in previous

literatures of the typical CVD-grown graphene over Ni

films deposited on SiO2/Si.13�16

Raman mapping measurements were performed

for the transferred graphene films. Figure 3d,e shows in-

tensities of the G and 2D bands measured for a 19 �m

� 19 �m area. The relative intensity of 2D band to G

band (I2D/IG) is one indication of layer numbers; when

Figure 3. (a) Cross-sectional TEM image of single-layer graphene grown on the crystalline Co film. Optical microscope im-
ages of transferred graphene films from graphene/Co/sapphire (b) and graphene/Co/SiO2 (c) onto target SiO2(300 nm)/Si sub-
strates. Raman mapping images of G band (1585 cm�1) (d) and 2D band (2685 cm�1) (e) intensities measured for the
graphene transferred from Co/sapphire substrate. The mapping area is indicated by a white square in panel b. (f) The corre-
sponding Raman spectra marked in panel e. (g�i) Raman mapping images and spectra of the graphene transferred from
the Co/SiO2 substrate. The peak intensities at 1585 and 2700 cm�1 are plotted in panels g and h, respectively, and the spec-
tra (i) are measured at the positions shown in panel h. The mapping area is indicated by a white square in panel c.
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the I2D/IG value is �3, �1, and less than 1, the number
of layers are one, two, and more than two,
respectively.14,17 The Raman mapping images and corre-
sponding spectra of the graphene grown on the
Co/c-plane sapphire (Figure 3d�f) prove that the whole
measured area solely consists of single-layer graphene,
because the whole area shows the I2D/IG ratio of �3. The
G and 2D bands are observed at �1585 and �2675
cm�1, respectively. Moreover, the 2D band is narrow
(the full width at half-maximum (fwhm) is 30�40 cm�1)
and can be fitted with a single Lorentzian, supporting
the growth of uniform single-layer graphene. We no-
ticed that the SEM contrast before the transfer is closely
resembles the optical microscope image taken after
the transfer; thus, the uniformity of a graphene film can
be assessed for the as-grown graphene by SEM meas-
urement when the metal surface is smooth enough. We
observed that the single-layer graphene extends more
than 1 mm2 from the SEM image, but in some areas of a
10 mm �10 mm substrate multilayer graphene forma-
tion was observed. For the graphene grown on the Co/
SiO2/Si substrate, the I2D/IG showed wide variation from
0.3�3 depending on the position (see Figure 3g�i).
This represents the formation of inhomogeneous
graphene films with different layer numbers including
multilayer graphene with �5 layers. It is seen that the
multilayer graphene has weaker D bands (Figure 3i,
blue and red lines) than single-layer graphene (black
line). The first graphene layer attached to the Co sur-
face is likely to show stronger D band than other up-
per layers. This is because the first layer is mostly af-
fected by the lattice strain during growth and also by
the etching process which dissolves the underneath Co
film.

The D band originated in defects or disordered car-
bon is relatively strong for our epitaxial graphene
formed on the crystalline Co (Figure 3f). We measured
the Raman spectrum of as-grown graphene before
transfer, as shown in Supporting Information, Figure
SI-5. The relative intensity of D band to G band (ID/IG)
was much smaller than that measured after the trans-
fer, which signifies the possibility of graphene damage
during transfer. The etching solution may damage the
graphene film, but there can be other factors; our etch-
ing solution (1 M FeCl3 aqueous solution) is used to
transfer CVD graphene with a little less damage to
graphene.16 In the case of the Co catalyst film, the for-
mation of a Co�C (graphene) covalent bond is possible,
considering the higher binding energy calculated for
the graphene�Co(111) interface than that for the
graphene�Cu(111).24 The dissolution of the Co film
may give dangling bonds in the graphene sheet, which
reduces the domain size of the graphene and increases
the D band intensity. Further study is necessary for the
understanding of the interface interaction between
graphene and the crystalline Co film and also for reduc-
tion of the D band intensity.

Our estimation of the layer number based on the

Raman spectra (I2D/IG ratio and line width of 2D band

are used) may not be accurate enough to determine the

precise layer number. This is because unintentional

doping to graphene modifies the I2D/IG ratio,25 which

cannot be fully excluded in our growth and transfer

processes. Also, double-layer graphene can have a rela-

tively narrow line width of 30�40 cm�1. Therefore, to

confirm that the graphene film transferred from the

Co/c-plane sapphire is single-layer, we measured light

transmittance in the visible range. Shown in Figure 4 in-

set is a photograph of the graphene films transferred

onto SiO2/Si and quartz substrates. The graphene trans-

ferred on the SiO2/Si shows a uniform film, indicating

the transfer was done without deteriorating the

graphene film due to a protecting poly(methyl meth-

acrylate) (PMMA) layer. Using an optical-grade quartz

substrate, we measured the light transmission through

a hole with 1.8 mm diameter. As displayed in Figure 4,

the graphene film showed the transmittance of 2.2 �

0.2% at 550 nm, which is very close to the theoretical

value of single-layer graphene (2.3%).26,27 This result

confirms that the transferred film consists of single-

layer graphene.

Here, we discuss reasons for the growth of uniform

single-layer graphene on the Co film crystallized on

c-plane sapphire in spite of the high carbon solubility

in Co at high temperature. It is reported that the precipi-

tation of graphene occurs at grain boundaries of a

metal catalyst.19 In our crystalline Co film, the density

of the grain boundaries is much lower than that of the

polycrystalline Co film, as can be seen in Supporting In-

formation, Figure SI-3 (Figure 3). Therefore, the

graphene precipitation occurs more uniformly from lim-

ited sites when the appropriate amount of carbon is

supplied. We note that the CH4 concentration is essen-

tial for the uniform single-layer growth on our crystal-

line Co film; higher CH4 concentration easily gives mul-

tilayer graphene. Thus, uniform and controlled

Figure 4. Optical transmittance of single-layer graphene
transferred on a quartz substrate. Inset shows photograph
of the graphene films transferred from the Co/c-plane sap-
phire to SiO2(300 nm)/Si (left) and quartz (right) substrates.
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graphitization as well as low density of grain bound-
aries is important for the uniform single-layer graphene
growth.

We could also obtain single-layer graphene on the
crystalline Co film at 900 °C, as shown in Supporting In-
formation, Figure SI-6. In this case, few-layer graphene
was partly observed. In the CVD at 900 °C, a higher con-
centration of CH4 (�3%) was required to grow
graphene than in the CVD at 1000 °C (�1%). Because
of this higher CH4 concentration, the precipitation is less
controlled and gives thick graphene. It is also possible
that the smaller domain size of graphene, as speculated
from the Raman D band (Supporting Information, Fig-
ure SI-6b), increases the possibility of nucleation from
many sites giving a more inhomogeneous graphene
film.

Next, we investigated the orientation of graphene
on the crystalline Co film. The epitaxy in graphene for-
mation has been studied for single crystal surfaces, such
as Ru(0001), Ir(111), and Ni (111), in surface science.8�12

This is an ideal case because an ultrahigh vacuum sys-
tem is used to expose atomically clean single crystal sur-
faces of metals. Note that the epitaxy has never been
considered in the atmospheric CVD. In addition, these
single crystal substrates are not practical for electronic
applications because of the cost and limited size and,
thus, the widely studied CVD deals with polycrystalline
metal films. Therefore, we investigated the low-energy
electron diffraction (LEED) for our atmospheric CVD-
grown graphene to address the orientation of its hex-
agonal lattice. Shown in Figure 5 is LEED patterns
measured in vacuum (below 8 � 10�9 Pa) at 80 K. When

a Co film is subjected to H2 annealing only (without sup-
plying CH4 for graphene growth), no clear LEED pat-
tern was observed (Figure 5a), which indicates the ab-
sence of periodic surface structure. This can be
explained by oxidation of the Co surface since the Co
film was exposed to air during the transfer from the at-
mospheric CVD setup to the ultrahigh vacuum cham-
ber. The Auger spectrum, shown in Supporting Informa-
tion, Figure SI-7, indicates an intense O atom peak but
no Co peak. Thus, the Co surface is heavily covered with
O atoms so that no long-range order remains on the
Co surface.

When graphene was grown at 900 °C, 6 sharp dif-
fraction spots were observed together with 12 circular
streaks (Figure 5b). Interestingly, this graphene/Co/c-
plane sapphire sample showed a clear LEED pattern de-
spite the sample being exposed to air after the CVD.
We suppose that the graphene covers the Co film and
prevents oxidation, thus maintaining the surface crys-
tallinity of the Co film. Original LEED patterns with var-
ied electron beam energies are displayed in Supporting
Information, Figure SI-8. The six sharp spots can be as-
signed to the diffraction from the Co lattice, because
these spots became stronger with increasing beam en-
ergy, which demonstrates the typical voltage depen-
dence of transition metals. On the contrary, the 12
broad streaks, indicated by yellow arrows, became
weaker with increasing beam energy. Figure 5d com-
pares the intensity of these 12 broad streaks and that
of diffraction spots measured for the graphene grown
on SiC crystals.28 The low energy peaks observed at
100�200 eV originate from graphene. Both samples

Figure 5. LEED patterns of Co/c-plane sapphire (a) and graphene/Co/c-plane sapphire grown at 900 °C (b) and 1000 °C (c).
The beam energy is 180 eV. (d) I�V curve of the circular streaks highlighted by yellow arrows in panel b (blue curves). The
data are compared with that obtained for graphene grown from SiC crystal (black curves).28 (e) Comparison of intensity
changes of (1 0), (1 1), and (2 0) diffraction spots for the samples grown at 900 and 1000 °C. Atomic models of orientation
of graphene on the Co fcc(111) obtained for 900 °C (f) and 1000 °C (g) CVD samples.
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showed similar voltage dependence at 100�200 eV,
proving that the 12 broad streaks originate in graphene
formed on the crystalline Co film. These 12 broad
streaks rotated from the Co spots by 22 � 8°. This im-
plies that graphene is rotated at 22 � 8° with respect to
the underneath Co lattice. The atomic model is illus-
trated in Figure 5f. Note that both Co hcp(0001) and
fcc(111) have the same closest packing surface struc-
ture. As the beam size is about 1 mm, the model shows
average orientation of the graphene.

When graphene was grown at a CVD temperature
of 1000 °C, only six bright spots were detected without
any circular streaks, as seen in Figure 5c. The I�V curves
(Figure 5e) indicates that these six spots are coming
from both Co lattice and graphene. At the high volt-
age (�200 eV) the diffraction mainly comes from the
crystalline Co, while the diffraction from the as-grown
graphene becomes dominant at the lower voltage
(seen from the enhanced intensity at �150 eV indi-
cated by the arrow). Therefore, we conclude that
graphene grown at 1000 °C is epitaxially formed on
the Co crystalline film, as illustrated in Figure 5g. Our re-
sults demonstrate that growing graphene over the crys-
talline Co film not only gives uniformity in the layer
numbers, but also enables the control of the orienta-
tion of its hexagonal lattice. These findings are impor-
tant when one tries to apply graphene for electronics.

There are several possible reasons for the observed
mis-orientation in the graphene film grown at 900 °C
(see Figure 5f). The first possible mechanism is attrib-
uted to the different thermal expansion coefficients of
graphene and Co metal. Since graphene and Co lattice
expand differently at high temperatures, it may change
the graphene orientation with respect to the Co lattice
at 900 and 1000 °C. Second, we speculate that C atoms
adsorbed on the Co surface can migrate during CVD,
and at higher temperature C atoms gains more ther-
mal (or kinetic) energy. Thus, the higher temperature
(1000 °C) results in the most stable orientation which
matches with the Co fcc(111) lattice, while the lower
temperature (900 °C) gives the substable orientation.
Third, the degree of surface oxidation of the Co film is
higher in the sample reacted at 900 °C than in that re-
acted at 1000 °C; the Auger spectra (Supporting Infor-
mation, Figure SI-7) indicate that more O atoms and less

Co atoms were present on the sample surface after the

CVD at 900 °C when compared with that at 1000 °C CVD.

This oxidized Co surface may cause surface reconstruc-

turing, giving mis-orientation in the graphene film with

respect to the Co lattice. It is unclear at the moment

which mechanism is dominant, and in situ measure-

ments are necessary to elucidate the mechanism. It is

noted that the similar mis-orientation of single-layer

graphene has been observed in the graphene grown

on single crystalline Ir(111) and Pd(111) surfaces by

ultra-high-vacuum (UHV) processes.29,30

Our epitaxial CVD growth approach is of great im-

portance in the engineering of graphene films, be-

cause we can predict the graphene orientation from

the crystallographic direction of the c-plane sapphire

substrate. The armchair edge of graphene is supposed

to be parallel to the [1 0 1̄ 0] direction of c-plane sap-

phire. It is reported when metal nanoparticles depos-

ited on a graphene film are annealed in H2 the

graphene is cut by the nanoparticles along crystallo-

graphic axes of graphene.31,32 Supporting Information,

Figure SI-9 demonstrates the cutting of our CVD-grown

graphene. Most of the cutting lines are linear, suggest-

ing high crystallinity of the CVD-grown graphene. This

method is expected to be further developed to include

the fabrication of graphene nanoribbons.

In conclusion, a highly crystalline Co film is realized

on c-plane sapphire through high temperature sputter-

ing and successive hydrogen annealing. Although it

has been considered that selective growth of single-

layer graphene over the transition metals with high car-

bon solubility such as Ni and Co is difficult, we can ob-

tain uniform single-layer graphene over this crystalline

Co film. The corresponding LEED pattern proves that

single-layer graphene is epitaxially formed on this Co

even by atmospheric CVD at 1000 °C; orientation of the

graphene perfectly matches with the Co film under-

neath. This epitaxy makes it possible to predict the ori-

entation of graphene. Our approach of the epitaxial

CVD growth gives new insight on the growth mecha-

nism of graphene and also provides a new means to

grow single-layer graphene with controlled orientation

over various crystalline metal films for high-

performance electronic applications.

MATERIALS AND METHODS

Synthesis and Transfer of Graphene Film. Sapphire substrates (mis-
cut angle �0.3°) were purchased from Kyocera Co; as-received
substrates were used without intentional annealing process. The
sapphire substrate has an atomically smooth surface, as in-
spected by AFM (surface roughness (root-mean-square (rms)) is
0.22 nm for 10 �m � 10 �m area); 200 nm thick Co films were
deposited onto c-plane (0001) sapphire (�-Al2O3) and SiO2(300
nm)/Si substrates with a power of 300 W in Ar atmosphere (0.6
Pa) by RF magnetron sputtering machine (Shibaura Mechatoron-
ics Corp., CFS-4ES). Different substrate temperatures, room tem-

perature, and 500 °C were employed during the sputtering. For
CVD, the sample was loaded on a magnetic sample holder for the
purpose of rapid cooling and then inserted into a horizontally
set quartz tube. For the standard CVD procedure, the Co film was
annealed in H2 at 500 °C, followed by elevating the tempera-
ture to 1000 °C for catalytic pyrolysis of CH4. After 20 min reac-
tion, the sample was rapidly removed from the furnace in a pro-
tected gas flow of Ar and H2. The detailed CVD condition is
depicted in Supporting Information, Figure SI-1. For transfer of a
graphene film onto a SiO2/Si target substrate, we used PMMA and
etching solution.16 In brief, after the growth of graphene, the sur-
face of graphene/Cu/substrate was covered with PMMA by spin-
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coating. Thermal tape (Revalpha, Nitto-Denko) was attached onto
the PMMA film. Then, the Co catalyst was dissolved with FeCl3
aqueous solution to release the graphene supported with PMMA
and thermal tape. Subsequently, the thermal tape/PMMA/
graphene was washed with deionized water and transferred onto
the SiO2/Si substrate. Finally, the thermal tape was removed by
heating at 120 °C, followed by PMMA removal with acetone.

Characterizations. Raman spectra and mapping images of
graphene films were measured with a Jasco NRS-2100 instru-
ment using 514.5 nm excitation wavelength. TEM images of
samples prepared by a FIB (Hitachi NB 5000) were obtained with
a Hitachi H-9500 at 300 keV acceleration voltage. SEM and AFM
images were measured with a Hitachi S-4800 and a Nanoscope
IIIa, respectively. The crystallinity of epitaxial Co film was mea-
sured by an XRD, (Riguku RINT 2500) and an SEM (Zeiss, Ultra55)
equipped with an EBSD (TSL Solutions, OIM). Light transmission
in the visible range was measured with UV�vis�NIR spectrom-
eter (Jasco, V-570). The transmittance was measured through a
circular hole with 1.8 mm diameter using a bare quartz substrate
as reference. LEED patterns and Auger spectrum of as-grown
graphene were recorded in an UHV chamber of �8 � 10�9 Pa
with a Spectaleed (Omicron, Germany) instrument.
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