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G
raphene, a single atomic sheet of
carbon hexagons, has attracted
great interest due to its high carrier

mobility, high thermal conductivity, mech-
anical flexibility, and optical transparency.1

These excellent properties promise a wide
variety of electronic applications, such as
transparent electrodes,2 touch panels,3 high
frequency transistors,4 and chemical sensors.5

For the semiconductor applications of gra-
phene, opening the bandgap is a challenging
task, as ideal two-dimensional graphene is
a zero-gap material.6 Several methods have
been proposed to open the band gap of
graphene, such as application of a vertical
electric field to double-layer graphene,7,8 in-
troduction of mechanical strain,6,9 chemical
functionalization,10 physisorption of organic
molecules,11 and quantum confinement into
nanostructures.12�19 Electron confinement
in a one-dimensional nanostructure of
graphene, so-called graphene nanoribbons
(GNRs), is one promising approach to open
the band gap.12�14 Theoretical investiga-
tion suggests that the band gap is inversely
proportional to the width of nanoribbons.14

In addition, the GNRs with zigzag edges are

proposed to give a specific edge statewhich
potentially offers exotic electronic proper-
ties, such as magnetism originated in local-
ized spins, spin transport, and half metallic
property.12,13,15,16

The most widely employed method to
prepare GNRs is based on a top-down ap-
proach, which utilizes lithography and plas-
ma etching or reactive ion etching (RIE)
processes.17�26 Different types of litho-
graphic methods, such as electron beam
lithography,18�23 nanowire templated24,25

or block-copolymer templated26 methods,
have been demonstrated. Oxygen plasma
or RIE treatment is applied to remove un-
covered graphene areas, leaving narrow
stripes of graphene. Unzipping of carbon
nanotubes by either chemical oxidation or
plasma oxidation is another approach to
prepare GNRs.27,28 However, thesemethods
inevitably damage edges of the GNRs and
sometimes the GNR itself, as observed by
enhanced defect-related D-band in the Ra-
man spectrum. In most of the cases, the
D-band intensity is higher than that of
G-band (ID/IG > 1) when single-layer gra-
phene is used for the patterning.19,20 In

* Address correspondence to
ago@cm.kyushu-u.ac.jp.

Received for review August 7, 2013
and accepted November 9, 2013.

Published online
10.1021/nn405122r

ABSTRACT Graphene nanoribbons (GNRs) are a promising material

for electronic applications, because quantum confinement in a one-

dimensional nanostructure can potentially open the band gap of

graphene. However, it is still a challenge to synthesize high-quality

GNRs by a bottom-up approach without relying on lithographic techni-

ques. In this work, we demonstrate lattice-oriented catalytic growth of

single-layer GNRs on the surface of a heteroepitaxial Ni film. Catalytic decomposition of a poly(methyl methacrylate) film on the Ni(100) film at 1000 �C
gives narrow nanoribbons with widths of 20�30 nm, which are aligned along either [011] or [011] directions of the Ni lattice. Furthermore, low-energy

electron microscope (LEEM) analysis reveals that orientation of carbon hexagons in these GNRs is highly controlled by the underlying Ni(100) lattice, leading

to the formation of zigzag edges. This heteroepitaxial approach would pave a way to synthesize nanoribbons with controlled orientation for future

development of electronic devices based on graphene nanostructures.
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addition, it is difficult to define the edge structure of
the nanoribbons prepared by these methods, because
the orientation of graphene is unknown and, more
importantly, the random edges are produced due
to harsh etching processes.17 Reflecting such disor-
dered edge structures formed by top-down ap-
proaches, the carrier transport in these nanoribbons
is widely explained by a thermally activated carrier
hopping mechanism,21,23 indicating the top-down
synthesized GNR is treated as a series of small gra-
phene fragments mainly due to heavily disordered
edge structure.
An alternative method to realize graphene nanor-

ibbon structures is a bottom-up approach. Surface-
assisted coupling of molecular precursors into linear
polymers gives graphene nanoribbons with armchair
edges.29,30 These GNRs have atomically well-defined
structure, as observed by scanning tunneling micro-
scope (STM), but these ribbons are too small to in-
vestigate transport properties by making devices on
insulating substrates. Chemical vapor deposition (CVD)
usingmeal catalysts is a powerful and effectivemethod
to grow single-layer graphene.31,32 However, two-di-
mensional (2D) metal catalyst films make it difficult
to synthesize one-dimensional (1D) GNRs. Thus, limited
works have been demonstrated to grow GNRs by CVD.
The CVD growth on the metal catalysts having surface
steps or twin boundaries are reported to stimulate the
GNR growth.33,34 Plasma CVD has also been applied to
grow GNRs underneath the patterned metal catalyst.35

However, in these catalytic CVD studies, edge structure
of GNRs have not been studied and sometimes the
ribbons are very wide (>100 nm).
In this paper, we report a new bottom-up, catalytic

growth method of GNRs on a planar heteroepitaxial
Ni film. Vacuum annealing of a thin film of poly(methyl
methacrylate) on an epitaxial Ni(100) film resulted in
the growth of a number of narrow GNRs on the Ni
surface, which are aligned along either [011] or [011]
directions of the Ni. The transferred nanoribbons are
found to be high-quality single-layer graphene. In
addition, the low-energy electron microscope (LEEM)
was performed for as-grown GNR, and we found that
all theGNRs have specific hexagon orientations so as to
be terminated with zigzag edges regardless of their
width. Our bottom-up approach offers a novel facile
route to grow single-layer graphene nanoribbons with
controlled edge structure for future carbon-based
electronics and spintronics.

RESULTS AND DISCUSSION

For the growth of GNRs, a heteroepitaxial Ni(100)
film and PMMA were used as a catalyst and carbon
source, respectively. The Ni(100) film was deposited on
aMgO(100) single crystalline substrate by sputtering at
high temperature (∼500 �C). Then, a thin film of PMMA

was spin-coated on the Ni(100) surface. Vacuum an-
nealing of the PMMA/Ni/MgO at 1000 �C for 2 min
under pressure of ∼4 � 10�4 Pa followed by rapid
cooling resulted in the formation of a number of GNRs
on the Ni(100) surface. Figure 1a�c shows SEM images
of Ni(100) surface measured after annealing with
PMMA. Dark and bright areas correspond to graphene
and bare Ni surface with native oxide layer, respec-
tively. A number of narrow dark lines indicate the
formation of GNRs. From Figure 1a, one sees that
GNRs are aligned only in two directions: parallel
to either [011] or [011] directions of the Ni film.
Although there are variations in width and length,
we observed narrow GNRs with 20�50 nm and high
aspect ratio >20.
Figure 1d,e shows atomic force microscope (AFM)

images of the Ni surface. The AFM images suggest that
the graphene is formed inside very shallow trenches.
Other images can also be found in the Supporting
Information, Figures SI-1 and SI-2. To confirm the
growth of graphene inside these narrow and shallow
trenches, we transferred graphene onto SiO2/Si sub-
strate by using a standard polymer-mediated transfer
technique.36 We successfully observed the transferred
GNRs on the SiO2/Si substrate while maintaining the
original orientation, as shown in Figure 1f and Support-
ing Information, Figure SI-3. We found that the transfer
of narrow GNRs is much more difficult than that of
uniform single-layer graphene sheets for two reasons;
one is the adhesion force of GNRs to SiO2 surface is very
weak due to limited contact area. Thus, GNRs, in
particular narrow GNRs, were sometimes removed
during the dissolution of the polymer support film by
acetone. Another reason is the difficulty in removing
the polymer film used for the transfer of GNRs when
compared with a uniform graphene film. The remain-
ing polymer residue can be seen in Figure 1f. We think
that graphene edges tend to bind the polymer support
strongly, making it difficult to be removed by acetone.
Therefore, special attention, such as slow etching and
removal of Cu and the polymer layer, respectively as
well as careful handling, was necessary to successfully
transfer narrowGNRs from the Ni(100) surface onto the
SiO2 surface.
To further confirm the GNRs are formed only inside

the trenches appearing on the Ni(100) surface, we
measured AFM for an identical location during the
transfer. Figure 1h,i shows the AFM images measured
before and after the transfer processes, respectively
(see also Supporting Information, Figures SI-4 and SI-5).
These images verify that the GNRs are formed only
inside the narrow and shallow trenches. AFM height
profiles are displayed in Figure 1j. Before the transfer
there were trenches with the depth of ∼1.5 nm. After
the transfer, the GNRs with the height of 1�1.5 nmwas
observed. Although this is relatively higher than the
standard AFM height of single-layer graphene sheet
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(∼0.8 nm)37 probably due to PMMA residue, we con-
firmed that these are single-layer graphene by trans-
mission electron microscopy (TEM), Raman, and LEEM,
as shown later. The AFM analysis also indicates that the
transferred GNRs seen in Figure 1j have the width of
28�34 nm without tip deconvolution (see Supporting
Information, Figure SI-4 for the width measurement).
Considering effect of the tip curvature, the actual
nanoribbon width can be narrower than these values.
We should note that graphene is always observed
inside trenches and trenches are always fully covered
with graphene. This is confirmed by the SEM/AFM
observation for the same areas before and after the
graphene transfer (see Figure 1h,i and Supporting
Information, Figure SI-5). This result strongly suggests
that the graphene develops together with the enlarge-
ment of trenches.
Thickness of a Ni(100) film was found to be one of

important factors for the formation of nanoscale
trenches in which graphene nanoribbons are grown.
The Ni film with 100�200 nmwas effective to produce
the nanoscale trenches. Too thin Ni film with less than
50 nm thickness resulted in the Ni agglomeration,
while too thick Ni film, such as 500 nm, did not induce
the trench formation.
Moreover, we found that the gradient in the Ni film

thickness can increase the yield of nanoribbons. To

demonstrate this, we made the patterned Ni catalyst
using a metal mask during Ni sputtering at high tem-
perature, as shown in Figure 2a. The height profile
measured by a laser microscope (Figure 2b) shows very
gradual slope in the Ni film. Figure 2c shows an SEM
image taken after the vacuum annealing without a thin
PMMA layer, i.e., no carbon source. In that case, neither
trenches nor graphene nanoribbons were observed
on the Ni surface. This result indicates that the narrow
and anisotropic trenches observed on the Ni(100) sur-
face (see Figure 1d,e,h) are inducedby the carbon supply
fromPMMA. As described above, we observed a number
of oriented GNRs when we annealed in the presence of
PMMAthinfilm, as shown in Figure 2d,e. In particular, the
number of isolated nanoribbons increased toward out-
side the catalyst pattern with the gradual slope. On the
other hand, on the flat areas of the Ni film, large
graphene flakes were frequently observed. Therefore,
we conclude that gradual change in theNifilm thickness
together with external carbon supply result in the
formation of graphene nanoribbons inside narrow
trenches.
Considering the larger lattice mismatch between Ni

and MgO lattices (16%), strain and dislocation are
expected to exist in the sputtered Ni(100) film. Such
structural disorder induces slippage of the crystal
lattices. In most of the fcc metals such as Ni, it is known

Figure 1. SEM (a�c) and AFM (d and e) images of as-grown GNRs formed on a heteroepitaxial Ni(100) surface. The dark
contrast in (a�c) corresponds to as-growngraphene. (e) EnlargedAFM image shown in a square of (d). (f and g) AFM images of
transferred GNRs on SiO2 substrates. All scale bars are 100 nm in (g), andwidths of three nanoribbons are around 30 nm. AFM
images of themultiple GNRsmeasured before (h) and after (i) the transfer. (j) Height profile of the AFM along the lines shown
in (h) and (i). A, B, and C denote each nanoribbon indicated in (h).
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that slippage occurs along two directions, [011] and
[011] directions. Thus, this slippage is expected to assist
the formation of 1D nanostructures, such as GNRs. We
think that local anisotropy in the Ni(100) film, such as a
gradient in the Ni film thickness and step/edge struc-
ture, also stimulates this anisotropicgraphenesegregation.
Figure 3a shows a TEM image of cross-section of the

as-grown sample. Here, we prepared the specimen
normal to the longitudinal axis of nanoribbons with a
thickness of around 100 nm by focused-ion beam (FIB).
To protect graphene from damage induced by the FIB
process, the sample surface was first covered by
amorphous carbon, followed by depositing a thick W
layer (W layer is not seen in Figure 3a). Electron
diffraction from the interface between Ni and MgO
indicates that the Ni(100) is epitaxially grown on the
MgO(100) substrate (Figure 3b and Supporting Infor-
mation, Figure SI-6). Reflecting the lattice constants of
Ni and MgO crystals (aNi = 3.52 Å, aMgO= 4.21 Å), two
types of patterns with the same symmetry were ob-
tained. As shown in Figure 3c,d, a narrow trench with
depth of ∼0.5 nm was observed on the surface of the
Ni film. A graphene layer was observed only inside
these shallow trenches with a 32 nm width, as ex-
pected from Figure 1. The trench depth varied from 0.5
to 2 nm (Supporting Information, Figure SI-7 shows a
deeper trenchwith∼1 nm), but there is no clear relation-
ship between the trench depth and length/width.
In our catalytic growth of GNRs on the Ni(100),

carbon atoms supplied from the PMMA precursor are
dissolved in the Ni film, followed by segregation as
graphene sheets. The catalytic growth using a polymer
film as carbon precursor has already been reported in
the previous literature.38�40 However, these previous
works obtained either uniform or nonuniform sheets of

single-layer and multilayer graphene without specific
nanostructures. The present work shows very unique
result that one-dimensional graphene nanostructures
can be synthesized on a planar metal film.
Transferred graphene was studied by Raman spec-

troscopy. Figure 4a is an AFM image of the transferred
graphene, where Raman mapping was performed.
Here, we used relatively wide nanoribbons (width
∼75 nm) to confirm the ribbon structure, because very
narrow ribbons are difficult to obtain a clear Raman
mapping image due to relatively large laser spot size
(∼600 nm) compared with the nanoribbon size. The
Ramanmapping of G-band intensity (Figure 4b) clearly
shows linear features, signifying that these aligned
stripes are graphene. The G-band intensity is uniform
within one ribbon indicating uniformity of our aligned
GNRs. When compared with the G- and 2D-bands,
the D-band intensity was significantly weaker, indicat-
ing the high quality of our graphene nanoribbons.
Figure 4c shows the Raman spectra taken for different
GNRs. The relative 2D/G band intensity (I2D/IG ≈ 1.7)
and narrow 2D-bandwidth (30�35 cm�1) prove the
catalytic growth of single-layer graphene GNRs.41 We
note that the D-band intensity of our transferred GNRs
(ID/IG≈ 0.2) is much weaker than that of the GNRs pre-
pared by top-down methods using oxygen plasma or
acid treatments (ID/IG > 1).18,19 This means that our
GNRs are of high quality because they are gown by a
bottom-up method without utilizing any graphene
etching processes.
Low energy electron microscope (LEEM) is a power-

ful tool to analyze graphene grown on metal catalysts,
because it gives information on number of layers,
orientation of graphene domains, and relative orienta-
tion with respect to the underlying metal lattice,

Figure 2. (a) Height profile of the patterned Ni film deposited on MgO(100) substrate. (b) Cross section of the patterned Ni
film. (c) SEM images of the Ni film after annealing without (c) and with (d) PMMA source. (e) Magnified image of (d).
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without transferring onto insulating substrates.42,43

Figure 5a shows a bright-field (BF) image of the as-
grown graphene on Ni(100) surface. Due to spatial
resolution limit of the LEEM (∼20 nm), it was difficult to
accurately determine the nanoribbon width, but we
could clearly observe the graphene nanoribbons with
around 30�40 nm width in the BF-LEEM image
(detailed analysis of the nanoribbon width by LEEM
images is shown in Supporting Information, Figure SI-
8). Electron reflectivity spectra measured at the four
different areas of Figure 5a are displayed in Figure 5b.
For comparison, the data of the uniform single-layer
graphene grown on Cu(111) is also indicated by a black

line.43 The single-layer graphene on Cu(111) shows a
specific profile with two broad reflection peaks at ∼2
and ∼5 eV, although this intensity change is smaller
than the characteristic intensity changes used to de-
termine the number of layers for the double-layer and
triple-layer graphene on Cu(111).44 Such a slightly
undulating profile was also observed at points A, B,
and C, providing the growth of single-layer graphene
nanoribbons. On the other hand, the dark region, D,
showed no reflection peak due to bare (but oxidized)
Ni surface without a graphene over layer.
Next, the same sample was subjected to the dark-

field (DF) measurement to study the orientation of

Figure 3. (a) Cross-sectional TEM image of Ni/MgO(100) substrate after graphene growth. (b) Electron diffraction pattern
taken at the interface of Ni and MgO. Blue and yellow circles indicate the diffraction patterns from Ni and MgO, respectively.
(c andd) High resolution TEM images of theNi surfacewith a graphene nanoribbon. (d) Left edgeof the graphenenanoribbon
marked as the square in (c).

Figure 4. AFM image (a) and the corresponding Raman
mapping images (b) of transferred graphene nanoribbons.
The Raman mapping areas is not exactly the same with the
AFM scan area. In (b), spatial distributions of G-, D-, and 2D-
band intensities are plotted. For clear Raman mapping,
relatively wide ribbons were measured; ribbon A has the
width ∼75 nm. (c) Raman spectra taken at the positions
marked in (a) and (b).

Figure 5. (a) Bright-field LEEM image of the as-grown GNRs
on Ni surface. The electron beam energy was 45 eV.
(b) Electron reflectivity spectrameasured at different points
marked in (a). Position D is bare (but oxidized) Ni surface,
thus showingno specific signal originating in graphene. The
profile of single-layer graphene film grown on Cu(111)43 is
also shown for comparison. Corresponding dark-filed LEEM
images taken with the azimuths of the incident electron
beam of 0� (c) and 30� (d). The electron beam energies were
58 eV.
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carbon hexagons comprising the graphene lattice.
Figure 5c,d shows the DF-LEEM images taken with
two diffraction conditions, 0� and 30�. The DF-LEEM
images were obtained by inclining the incident electron
beam from the surface normal so as to let the first-order
diffractionbeams of graphene comeout normally to the
surface. In Figure 5c, only the horizontally aligned
nanoribbons appeared bright. This DF image indicates
these horizontally alignedGNRshave the samehexagon
orientation regardless of the ribbon width. When we
switched the diffraction condition, 30�-rotations against
Figure 5c, the GNRs aligned only in vertical direction
became bright (Figure 5d). This indicates that the
carbon hexagon orientation of these vertically aligned
GNRs is rotated by 30� (or 90�) with respect to the
horizontally aligned GNRs. In this observed area, the
density of the horizontally oriented GNRs is higher than
that of the vertically oriented ones, and the aspect ratio
of the former ribbons is higher than the latter ones, but
such structural difference is dependent on the mea-
sured position.
To get more information on the orientation of

specific nanoribbons, selected-area electron diffrac-
tion was performed, as shown in Figure 6 and Support-
ing Information, Figure SI-10. Figure 6a and 6c show
the BF-LEEM image of a very wide ribbon and the
corresponding diffraction pattern, respectively. From
the relative orientation of the graphene and the dif-
fraction pattern, we conclude that graphene hexagons
are oriented so as to have its zigzag direction parallel to
the long axis of the graphene ribbon. This strongly
suggests the growth of GNRs terminated with zigzag
edges. Much narrower nanoribbons were also mea-
sured, as presented in Figure 6b,d. In this area, there are
mainly two orthogonal GNRs. Reflecting the presence
of two orthogonal GNRs in the area, we observed two
sets of weak hexagonal diffraction patterns (Figure 6d),
which can be assigned to Gr-A and Gr-B marked in
Figure 6b. In Figure 6d, the diffraction from the bare Ni
surface was also obtained because the GNRs occupy a
small portion of the measured area. Although the Ni
surface can be easily oxidized after exposing air when
transferred to the LEEM chamber, the Ni(100) lattice
partially remained within the depth of detectable by
the LEEM (typically ∼1 nm).
On the basis of the LEEM results, the relative orienta-

tion of graphene lattice with respect to the Ni(100)
lattice is determined, as illustrated in Figure 7b. The
GNRs are aligned along either [011] or [011] direction
of the Ni surface with zigzag edges. We can see that
one of the C�C bonds of each GNR is parallel to one of
the Ni�Ni bonds. This relative configuration is consis-
tent with our previous observation of a sheet of single-
layer graphene grown on an epitaxial Cu(100) film at
1000 �C.42 It is interesting to note that zigzag edges are
widely observed in CVD-grown hexagonal graphene
domains.45,46 The previous experimental observations

of zigzag edges in these hexagonal domains infer that
the growth rate of armchair edges is faster than zigzag
edges so that a hexagonal domain shape appears.
We think that this growth rate difference can also
be applied to our graphene nanoribbons. Because of
the square lattice of the Ni(100) plane, initial graphene
nuclei may have square shape confined in the square
trenches (Figure 7a). During the graphene growth,
these graphene nuclei can potentially extend in two
directions, [011] or [011], which are crystallographically
equivalent. However, as the graphene grows while
exposing zigzag edges whose growth rate is slower
than armchair edges, one-dimensional nanoribbon
structure appears on the Ni(100) surface by suppres-
sing the simple enlargement of square pits. Graphene
edges are also known to be influenced by hydrogen
gas supplied during CVD growth, modifying the do-
main structure of single-layer graphene mainly due to
hydrogen-assisted graphene ethcing.47 However, in
our case, we only annealed the PMMA film on Ni(100)
in high vacuum without any gas flow so it is unlikely
that the hydrogen-etching plays a major role in our
nanoribbon growth.
From the Raman study of exfoliated graphene flakes,

it is reported that pure zigzag edges do not show
D-band.48 However, our graphene nanoribbons showed
aweakbut clearD-bandwith a relative ratioof ID/IG≈ 0.2
(see Figure 4c).We think that thegraphenenanoribbons
aremore reactive than basal plane so that the edges can
be oxidized (or damaged) during the graphene transfer

Figure 6. Bright-field LEEM image (a) and the correspond-
ing diffraction pattern (c) taken for a wide ribbon. (b and d)
Bright-field LEEM and diffraction pattern of two orthogonal
narrow nanoribbons. The diffraction patterns were ob-
tained at electron energy of 40 eV. Only one set of hexago-
nal diffraction patternwas observed for onewide ribbon (c),
while two orthogonal nanoribbons gave two sets of hex-
agonal diffraction patterns rotated by 30� (d). Green square
shows the diffraction from the exposed Ni(100) surface,
which allows us to determine the relative orientation of the
graphene nanoribbons with respect to the Ni(100) lattice.
Diffraction patterns without the guide lines are shown in
Supporting Information, Figure SI-9.
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process which involves Ni etching. Also, even though
theGNRs are orientedon theNi(100) lattice so as to have
zigzag edges, the actual edges may partially contain
armchair edges. It shouldbenoted that clearD-bandhas
also been observed for edges of large hexagonal gra-
phene domains with zigzag edges grown by CVD.45,46,49

We previously reported the selective graphene
growth inside large μm-sized square-shaped pits
formed on heteroepitaxial β-Co(100) and Ni(100) films
when annealedwith a polymer film.38 The formation of
these square pits was explained by the lattice mis-
match between the metal film and MgO(100) sub-
strate. As discussed above, the structural anisotropy
in the Ni(100) film can also contribute the one-dimen-
sional nanostructure formation. We note that these
zigzag edgesmay give unique phenomena originating
in the localized states, and further study is necessary to
understand the edge state of our oriented zigzag
nanoribbons and the interface between the sidewall
of Ni trenches and graphene edges.
Our growth method does not require any post-

growth lithographic processes, and the nanoribbons
show high crystallinity with low defects. Also, this is a
unique synthesismethod, because it utilizes the square
lattice of the Ni(100) surface. The lattice-oriented

growth enables the edge selective growth of zigzag
GNRs which should be interesting for spintronics and
other exotic physical properties as well as semiconduc-
tor applications.12,13,15,16 Although further reduction of
the nanoribbon width and improvement of the unifor-
mity are required, our novel approach of growing one-
dimensional ribbon structure is promising and useful for
highly controlled growth of graphene nanostructures.

CONCLUSIONS

Single-layer GNRs are grown on a heteroepitaxial
Ni(100) film by catalytic decomposition of a PMMA film.
The orientation of these nanoribbons are strongly related
with the Ni(100) lattice, indicating epitaxial growth of
GNRs. LEEMmeasurements reveal that thesealignedGNRs
have specific hexagon orientations with respect to long-
itudinal axis, signifying the growth of zigzag edges GNRs
regardless of ribbonwidth. Latticemismatchof theNi(100)
film and MgO(100) substrate and the edge-dependent
graphene growth rate are suggested to give such unique
nanostructure made of graphene. Our epitaxial growth of
graphenenanoribbons is believed tooffer anewdirection
of synthesizing high-quality, graphene nanostructures
with controlled edges and provides a new platform with
unique physical and chemical properties.

EXPERIMENTAL SECTION

GNR Synthesis. We used MgO(100) single crystalline sub-
strates to deposit epitaxial Ni(100) films. Ni films with
80�200 nm thickness were deposited by radio frequency (RF)
magnetron sputtering while heating MgO substrates at 500 �C.
This high sputtering temperature was essential to produce a
highly crystalline Ni(100) film, as demonstrated previously for
epitaxial Co films.36 Patterning of the Ni film by sputtering
through ametal mask, which creates a gradual change in the Ni
thickness, was also effective to increase a GNR yield (see
Figure 2a,b for the actual Ni pattern). Dilute toluene solution
of poly(methyl methacrylate) (PMMA purchased from Aldrich,
0.025 wt%) was spin-coated onto the Ni film. To grow graphene
on Ni surface, the PMMA coated Ni(100) substrate was annealed
in vacuum (∼4� 10�4 Pa) at 1000 �C for 2 min using an infrared
furnace (ULVAC, MILA-3000). The typical heating and cooling
rates were 200 �C/min and 200 �C/s, respectively.

Transfer of Graphene. For the transfer of graphene nanorib-
bons grown on Ni(100) film, the Ni surface was covered with a
protecting PMMA film by spin coating, followed by attaching
thermal tape (Revalpha, Nitto-Denko). After removing the Ni
filmby immersing in FeCl3 aqueous solution (1M), the graphene
stack was transferred onto a SiO2/Si substrate. Finally, the
thermal tape and PMMA film were removed by heat treatment
and dipping into hot acetone solution, respectively.

Characterization. Atomic force microscope (AFM, Bruker Nano-
scope V) and scanning electron microscope (SEM, HITACHI
S-4800) were used to image the Ni surface and the transferred
graphene nanoribbons. The height profile of the Ni pattern
shown in Figure 2 was measured by a 3 CCD confocal micro-
scope (Lasertech Co., OPTELICS HI200). Confocal Raman spec-
troscopy (Tokyo Instruments, Nanofinder30) was applied to the
nanoribbons transferred on a SiO2/Si substrate with a 532 nm
excitation. TEM images were measured with a HITACHI H-9500
for the sample sliced with a focused-ion-beam (FIB, HITACHI

Figure 7. Growth mechanism of GNRs on Ni(100) surface. The orientations of carbon hexagons of graphene with respect to
the Ni(100) lattice are determined from the LEEMmeasurements. (a) In the initial stage, square graphene domains are formed
due to the square Ni(100) lattice. (b) During the graphene growth, graphene extends in specific directions, forming
nanoribbon structure. As illustrated in (b), two nanoribbons can have zigzag edges even though they are rotated each
other by 90�, as confirmed by LEEM (see Figures 5 and 6, and Supporting Information, Figure SI-10).
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NB5000). Crystal orientations of as-grown graphene were char-
acterized by Elmitec LEEM III under ultrahigh vacuum. To
remove impurity on the surface, we annealed a sample in
vacuum before the LEEM measurement.
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