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raphene, a two-dimensional (2D)

single crystal of carbon atoms ar-

ranged in a honeycomb lattice,’ is
attractive for applications in nanoelectro-
mechanical devices,? in high-performance
low-power electronics,® and as transparent
electrodes.* To date, epitaxial graphene lay-
ers have been synthesized via thermal car-
burization of SiC(0001)® and by surface seg-
regation of carbon dissolved in the bulk or
by chemical vapor deposition (CVD) of car-
bon on single-crystalline metal (Ni, Cu, Ir, Ru,
and Pt),° " and insulating (h-BN) surfaces.?
Recent studies indicate that large-area
graphene layers of controllable thicknesses
can also be synthesized via CVD on poly-
crystalline Ni and Cu foils or thin films.*'3
In these experiments, graphene layer mor-
phology is found to depend on cooling
rates and is also likely to vary with the sub-
strate or film crystallinity.*'> However, rela-
tively little is known concerning the role of
substrate microstructure (grain size, shape,
and orientation) on the nucleation and
growth of graphene. Here, we focus on un-
derstanding the influence of metal surface
orientation on the morphology and struc-
ture of graphene.

To this purpose, we choose Ni as the
model material. We prepared isolated 3D
Ni islands, composed of crystalline facets
of different orientations, to serve as a
polycrystalline surface. Highly oriented
pyrolytic graphite (HOPG) is chosen as a
substrate for Ni deposition because it is
relatively inert, less likely to introduce
any strain into the Ni islands, and also
serves as a source of carbon for the
growth of graphene. Using ultrahigh
vacuum scanning tunneling microscopy
(UHV-STM), we investigated the growth
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ABSTRACT Using scanning tunneling microscopy and spectroscopy, in combination with density

functional theory calculations, we investigated the morphology and electronic structure of monolayer

graphene grown on the (111) and (110) facets of three-dimensional nickel islands on highly oriented

pyrolytic graphite substrate. We observed graphene domains exhibiting hexagonal and striped moiré

patterns with periodicities of 22 and 12 A, respectively, on (111) and (110) facets of the Ni islands. Graphene

domains are also observed to grow, as single crystals, across adjacent facets and over facet boundaries.

Scanning tunneling spectroscopy data indicate that the graphene layers are metallic on both Ni(111) and

Ni(110), in agreement with the calculations. We attribute this behavior to a strong hybridization between

the d-bands on Ni and the 7-bands of carbon. Our findings point to the possibility of preparing large-area

epitaxial graphene layers even on polycrystalline Ni substrates.
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and structure of graphene on the Ni is-
lands. We observed monolayer graphene
domains on (111) and (110) surfaces of Ni
islands upon annealing the samples in
UHV at 700 °C for 2 h. STM images of
graphene on Ni(111) show hexagonal
close-packed moiré patterns with a peri-
odicity of 22 A. On Ni(110), we observe
stripe patterns with a periodicity of 12 A.
Surprisingly, graphene domains are also
observed to grow seamlessly, as single
crystals, across adjacent (111) and (110)
facets and over the facet boundary. Scan-
ning tunneling spectroscopy (STS)
measurements indicate that graphene
layers are metallic on both (111) and
(110) surfaces of Ni. Density functional
theory (DFT) calculations of the partial
density of states also show that the
graphene layers are metallic; this is con-
sistent with the STS data and is due to a
strong hybridization of the d-bands of Ni
and the m-bands of carbon.
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Figure 1. Differentiated room-temperature STM images of
(A) clean HOPG surface (4750 x 4750 A?) and (B) Ni-
covered HOPG surface (5000 x 5000 A?) after annealing
at 700 °C for 2 h. The inset in panel A is an atomic-
resolution STM image (50 x 50 A?) of HOPG surface.

(C) Line profile along the white line across a trench in B.
(D) Higher-resolution STM image (100 x 100 A?) of the
white rectangular region in B.

RESULTS AND DISCUSSION

Graphene Formation on 3D Ni Islands. Figure 1A is a typi-
cal room-temperature STM image acquired from a clean
HOPG surface showing atomically flat terraces. The
characteristic triangular lattice of graphite is visible in
the atomic-resolution image (see inset). In order to ob-
tain isolated 3D Ni islands, ~3 A thick Ni is evaporated
onto the surface at room temperature and annealed in
UHV at 400 °C for times between 1 and 2 h. As a result,
we obtain 3D faceted Niislands on the substrate; that is,
Ni atoms did not intercalate under the graphite
surface.'® '8 From the STM images of the islands, we de-
termine the top surface facet orientations to be either
{111} or {110}, consistent with previous reports.'® The
average height and width of the Ni islands are ~100
and ~1000 A, respectively.

Annealing the samples at temperatures above
650 °C in UHV leads to the formation of graphene
on top of the Ni islands. Figure 1B is a representa-
tive room-temperature STM image acquired from
the sample after annealing at 700 °C for 2 h. The im-
age shows 3D Ni islands along with ~100 A wide
trenches, bounded by single-atom-height steps (Fig-
ure 1C). From the atomic-resolution STM image (Fig-
ure 1D), we find that the trenches are composed of
graphite with steps oriented along (1120). These
trenches are presumably a direct consequence of
substrate etching via carbon dissolution in the
metal.?°~2* (We rule out evaporation of both C and
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Ni from the surface at these temperatures.) The dis-
solved carbon can precipitate as graphene on the
surface of Ni islands upon cooling.?> We show in the
following sections that a similar process leads to
graphene formation on {111} and {110} facets of the
Ni islands.

Graphene on Ni(111). Figure 2A is a typical STM image
of a 3D Ni island acquired after annealing the sample
at 700 °C for 2 h. The top surface shows a hexagonal ar-
ray of circular features, while the side facet exhibits a
stripe pattern. Figure 2B is an atomic-resolution image
of the region highlighted by a rectangle in Figure 2A.
The image shows a hexagonal lattice with a periodicity
of ~2.5 A, which is assigned to single-layer graphene.
(In case of multilayer graphene, triangular lattice as in
Figure 1A is expected.) Note the variation in atomic ar-
rangement across the white dashed line in Figure 2B, al-
though there is no difference in the surface height.
That is, the graphene layer on the top surface is com-
posed of two rotational domains,®?%%” which are color-
coded for clarity in Figure 2C. Here, the presence of two
domains on the same surface suggests simultaneous
nucleation and growth of graphene at two different
sites on the island.

We now focus on the structure of the graphene
layers formed on the Ni islands. The ordered struc-
ture on the top surface of the island in Figure 2A is
a moiré pattern formed by the superposition of
graphene and Ni lattices. (Similar patterns have also
been observed on other metal surfaces.?’) From the
STM image in Figure 2B, we measure a spatial peri-
odicity of ~22 A for the hexagonal pattern. This is
typical of most graphene islands observed in our ex-
periments; however, we have also observed moiré
patterns with periodicities as small as 15 A, but they
are relatively few.

In order to explain the observed hexagonal
moiré pattern in the larger graphene domain (col-
ored green in Figure 2C), we assumed that the Ni
island surface orientation is Ni(111) (justified later)
and constructed an atomic model of graphene/Ni
superstructure using the in-plane lattice constants
of graphene (2.46 A) and Ni(111) (2.49 A). The
moiré pattern with 22 A periodicity is obtained
when graphene [1120] is rotated by an angle 6 =
6.4° with respect to Ni[110]. The geometry of such
an incommensurate moiré superstructure, along
with the determined epitaxial relationship
between graphene and Ni(111), is shown in Figure
2D.

From the atomic-resolution image in Figure 2B,
we identify the in-plane orientations of the
graphene lattice within the two domains. We find
that the smaller domain (colored red in Figure 2C)
is rotated by ~17° with respect to the larger
(green) domain. That is, for the smaller domain, the
misorientation angle 6 is ~23°. The atomic model
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corresponding to 6 = 23° is shown in Figure 2E.
Note the absence of a moiré pattern. However,
the STM image of the smaller domain in Figure 2A
shows a stripe-like pattern. We suggest and

justify below that this superstructure is part of the
stripe patterns observed on the side facet (see Fig-
ure 2A).

Graphene on Ni(110). Figure 3A shows similar stripe pat-
terns, with a spacing of ~12 A, on the top surface of an-
other Ni island. Figure 3B is an atomic-resolution STM
image acquired from the region highlighted by a square
in Figure 3A. From the Fourier transform of this image,
we identify the spots corresponding to graphene 1 X 1
and Ni(110)-1 X 1 lattices and their relative orienta-
tions (see Figure 3C). Using these data, we constructed
an atomic model of graphene/Ni (110) superstructure
shown in Figure 3D, where the experimentally mea-
sured stripe pattern and periodicity are reproduced
with 6 = 25°, That is, the top surface facet orientation
of the 3D Ni island in Figure 3 is (110).

We now return to the stripe patterns observed
on the side facet of the Niisland in Figure 2. We sug-
gest that these stripes are also due to superposi-
tion of graphene on Ni(110). From the STM image
in Figure 2A, we determined the angle between the
top (111) surface and the side facet to be ~38°. This
value is closer to 35.3° the angle expected between
{111} and {110} facets. (We rule out {111} and {100}
as possible orientations for the side facet because
the expected angle between any two {111} facets is
70.5° and that between {111} and {100} facets is
54.7°.) The measured periodicity of the stripe pat-
tern on the side facet is ~12 A. In order to deter-
mine the orientation of graphene on the side facet,
we calculated periodicities of stripe patterns as a
function of 6. From the data plotted in Figure 4, in
comparison with the STM measurements, we
find that a periodicity of 12 A is obtained when 6 is
23.7°. Note that this value is approximately the same
as the angle measured between Ni[110] and
graphene [1120] on the top facet (red domain) in
Figure 2C. This suggests that the graphene
domains on the top (red) and the side facets
have the same orientation; that is, the graphene do-
main grew seamlessly, as a single crystal, across ad-
jacent (111) and (110) facets and over the facet
boundary. Similar results have been reported for
the growth of graphene on stepped Ni surfaces.?¢?8
Moreover, calculations?® suggest that the lowest en-
ergy configuration for graphene on Ni(110) is ob-
tained when 6 is ~24°. From these results, we sug-
gest that the graphene domain (colored red in
Figure 2C) formed on the (110) facet continued to
grow over the adjacent (111) facet while maintain-
ing the same crystalline orientation (i.e., as a single
crystal).
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Figure 2. (A) STM image (250 X 220 A2?) of a Ni(111) island. (B) Magni-
fied image of the rectangular region highlighted in A. (C) Same as
panel A, with the two graphene domains color-coded for clarity.
Atomic models of Ni(111) (blue spheres) and graphene layer (orange
spheres) rotated by (D) 6.4° and (E) 23° with respect to the Ni surface.
The solid and dashed arrows indicate Ni[110] and graphene [1120] di-
rections, respectively. The rhombus in D shows unit cell of a moiré pat-
tern with a spatial periodicity of 22 A.

Electronic Structure of Graphene on Ni(111) and Ni(110).
We now focus on the electronic structure of
graphene on Ni surfaces. We used point-mode STS
and collected / versus V data from graphene on both
Ni(111) and Ni(110). For comparison, we also col-
lected STS data from pristine HOPG surface prior to
Ni deposition and from the Ni islands prior to high-
temperature annealing. The normalized conduc-
tance [(d//dV)/(I/V)], extracted from the | versus V
data, is expected to be nearly independent of the
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nd. (B) Magni-
fied image of the square area in A. (C) Fourier transform of panel B.
Blue, red, and green arrows indicate Ni[100], Ni[110], and graphene
[1100] spots, respectively. (D) Atomic model of Ni(110) (blue spheres)
and graphene layer (orange spheres) rotated by 25° with respect to the
Ni surface. The solid and dashed arrows show the Ni[110] and the
graphene [1120] directions, respectively.

tip—sample separation?® and is a measure of the lo-
cal surface density of states (LDOS). The [(dI/dV)/(I/
V)] data plotted as a function of V in Figure 5A is an
arithmetic average of values measured at over 100
different points on the surface. We find that the
LDOS spectra for graphene on Ni(111) are qualita-
tively similar to that obtained from as-deposited Ni,
and that the LDOS data for graphene on Ni(110) are
similar to that of bare graphite surface. For both
graphene/Ni(111) and graphene/Ni(110), we
measure nonzero conductance values over a range
of voltages centered around 0 V; that is, we do not
observe an electronic band gap, indicative of metal-
lic character. This result is typical of all of our STS
measurements acquired using a range of tunneling
currents from several different regions and Ni islands
on the surface.

The observed metallic nature of the graphene lay-
ers on Ni surfaces is surprising. This is because the
binding of graphene to both Ni(111) and Ni(110) is
strong (~0.1 eV per carbon atom), in agreement with
other DFT calculations®® and recent experiments.?'
Furthermore, the carbon atoms in the two triangu-
lar sublattices of graphene have different relative
locations with respect to the surface Ni atoms;
that is, symmetry of the sublattices is broken and
hence an opening of the band gap is expected'3?
and was observed for graphene on Pd(111).3% In-
deed, our DFT calculations show that a band gap is
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Figure 4. Stripe spacing L of the moiré patterns formed by

graphene on Ni(110) as a function of the angle 6 between
the graphene [1120] and Ni [110].

opened for graphene on Ni at the K point, as seen
in Figure 5B. However, the m*-band of carbon mixes
strongly with the d-bands of Ni in other regions of
the Brillouin zone. This hybridization of the Ni and C
orbitals renders the graphene metallic, as the mixed
bands cross the Fermi level between the I" and the
M points (see Figure 5B). To support these conclu-
sions, we have calculated the density of states and
have found that both the total (i.e., with contribu-
tions from all atoms in the supercell and all angular
momentum components) and the projected density
of states (PDOS) corresponding only to the carbon
atoms show no band gap (see Figure 5C). This result
is consistent with the experimental LDOS data (Fig-
ure 5A). We note, however, that the agreement be-
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Figure 5. (A) STS spectra of graphene on a Ni(111) island
(black), as-deposited Ni island (red), graphene on a Ni(110) is-
land (blue), and clean HOPG surface (green). (B) Band structure
of the graphene on Ni(111) system (black thick curves) as com-
pared with the band structure of free-standing graphene (red
thin lines). (C) Calculated projected density of states (PDOS)
corresponding to carbon atoms and to all angular momentum
and spin components for graphene on Ni(111) (black), pure
Ni(111) surface (red), and graphene on Ni(110) (blue).
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tween the DFT-calculated PDOS and the experimen-
tal LDOS results is only qualitative because of the
small size of the unit cells used in the computations
(see Methods section).

CONCLUSIONS

In conclusion, we used UHV-STM and investigated
the growth and structure of graphene on (111) and
(110) facets of 3D Ni islands. We observed hexagonal
and striped moiré superstructures of graphene on (111)
and (110) surfaces of Ni, respectively. We also find evi-
dence for single-crystalline growth of graphene on ad-
jacent facets of different orientation. STS measurements

METHODS

Experimental: All of our graphene growth experiments were
carried out on Ni films, ~3 A thick, evaporated onto clean HOPG
substrates using the procedure described below. First, 0.2 mm
X 2 mm X 10 mm rectangular strips of HOPG were mechani-
cally cleaved, placed on top of a polished SiC(0001) wafer (0.5
mm X 2 mm X 12 mm) coated with ~2000 A thick Ta layer on
the back side, and mounted together on to the Omicron VT-STM
holder. The Ta thin film serves as the heater, and the SiC wafer
helps prevent direct heating of the graphite. The holder was then
transferred to a UHV multichamber (base pressure <2 X 1071°
Torr) STM system equipped with facilities for electron-beam
evaporation and low-energy electron diffraction (LEED). The
HOPG sample was degassed in UHV at 700 °C for 14 h. This
procedure resulted in sharp 1 X 1 LEED corresponding to an
in-plane atomic spacing of 2.46 A. STM images showed
atomically smooth terraces >1000 A wide and separated by
monolayer-height steps with a measured step height of 3.3 A.
Ni film was deposited at a rate of 0.002 monolayer/s via
electron-beam evaporation in UHV at room temperature.
The samples were then annealed at temperatures between
400 and 700 °C. Substrate temperatures were measured us-
ing optical pyrometry and are accurate to within 50 K. STM
images were acquired in the constant current mode using
commercially available Pt—Ir tips. Typical tunneling currents
of 0.1 to 0.3 nA and bias voltages of —1.0 to +1.0 V were
used. Pixel resolution in the images varied from 0.1 X 0.1 to
10 X 10 A% Scan sizes (50—5000 A), scan rates (50—100
s/frame), and tunneling parameters were varied to check for
tip-induced effects. We observed no such effects in the re-
sults presented here. STM images were processed using
WSXM software.>* Point-mode STS measurements were ob-
tained from the graphene layers at room temperature. In the
STS mode, | versus V data were acquired over a range of
bias voltages V; between —1 and +1 V. During the measure-
ments, tip—sample separation was held constant by inter-
rupting the feedback loop.

Computational: DFT calculations were performed in the
framework of the spin-polarized local density approxima-
tion, which was reported to perform well for graphene on
Ni substrates.>® We used ultrasoft pseudopotentials and the
Ceperley-Alder exchange and correlation functionals, as
implemented in the VASP package.?*3” Structural relaxations
were performed using monolayer graphene on six Ni(111)
layers and five Ni(110) layers. Optimizations were carried out
by allowing all the atoms to relax until residual forces were
smaller than 0.01 eV/A. Periodic boundary conditions were
applied in the plane of the surface, and a vacuum thickness
of 15 A was introduced in the direction perpendicular to the
surface. The structure of graphene on Ni(111) corresponds
to a 1 X 1 reconstruction, where one carbon atom lies di-
rectly above a surface Ni atom and the other carbon atom lies
atop the void site between three Ni atoms. The 1 X 1 slab
is sufficient for providing an estimate of binding energy and
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and DFT calculations for graphene layers on (111) and
(110) surfaces of Ni yield local densities of states that do
not vanish at the Fermi level, which is consistent with
large binding energies (~0.1 eV per carbon atom) and
strong hybridization between Ni and C bands. Our
growth results suggest the possibility of single-
crystalline growth over large areas with potential tech-
nological implications for low-cost, large-scale fabrica-
tion of graphene on polycrystalline metal thin films or
foils. The metallic behavior of graphene on Ni surfaces
is encouraging since the nature of the metal—graphene
contact (Ohmic or Schottky) is important for graphene-
based devices.

qualitative insight into the electronic properties of graphene
on Ni(111). This is because the misorientation between
graphene and Ni(111) observed in STM experiments is rela-
tively small (~6.4°). We used a cutoff for 400 eV for the en-
ergy of the plane waves. The Brillouin zone was sampled with
a Monkhorst-Pack 8 X 8 X 1 for optimizations and 48 X 48
X 1 for calculations of the PDOS. For graphene on Ni(110), in-
plane dimensions of the model supercell were 4.32 X 12.30
A?, and the k-point grids were 9 X 4 X 1 (relaxation) and 24
X 8 X 1 (PDOS analysis).
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