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Moiré patterns and step edges on few-layer
graphene grown on nickel films*
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Few-layer graphene grown on Ni thin films has been studied by scanning tunneling microscopy. In most areas on
the surfaces, moiré patterns resulted from rotational stacking faults were observed. At a bias lower than 200 mV, only one
sublattice shows up in regions without moiré patterns while both sublattices are seen in regions with moiré pattens. This
phenomenon can be used to identify AB stacked regions. The scattering characteristics at various types of step edges are
different from those of monolayer graphene edges, either armchair or zigzag.
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1. Introduction

Graphene has attracted tremendous interest in recent
years due to its remarkable properties and great potential for
various applications. While the graphene monolayer has been
studied most extensively, bilayer and few-layer graphenes
(FLG) have received increasing attention.!!="! The properties
of FLG are strongly influenced not only by the number of lay-
ers but also the stacking order.[*7! Bernal (AB) stacking re-
sults in parabolic dispersion near the charge neutrality point.
Rotational stacking mostly leads to characteristics similar to
those of monolayer graphene, although the Fermi velocity is
renormalized and points of van Hove singularity develop de-
pending on the rotational angle.[*>!°! Therefore, accurate mea-
surement of the angle (including zero value) is an important
issue.

Among many transition metal substrates, nickel can
readily produce FLG. It is widely exploited with different
methods (CVD method and surface segregation technique),
on various nickel substrates (film,["11=141 £oj]l13-16] apd sin-
gle crystal,m]) and in different environments, from ambi-
ent pressure!”-!!] to ultrahigh vacuum.!'”! The size of single-
crystal graphene pieces produced by these methods is usually
microns or smaller in dimension.

The boundaries of these graphene pieces appear as step
edges on FLG. Valuable information about the number of lay-
ers and stacking order can be drawn from the atomic struc-
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[3.181 Moreover, edges play a key

19-22]

tures around these step edges.
role in the electronic structure of graphene nanoribbons. !
Scattering and quantum interference at the edges significantly
affect the transport properties of graphene.>>2* There are two
fundamental types of graphene edges: armchair and zigzag.
Scanning tunneling microscopy (STM) has been a powerful
technique to probe the edge effects. The edge state is only
present around zigzag edges.!??) Meanwhile, the scattering be-
havior is more profound at armchair edges.>>2°! Besides the
(v/3 x v/3)R30° scattering pattern observed around both types
of edges, a honeycomb pattern has only been reported around
armchair edges.[>>2%! However, most of these studies were
conducted on monolayer graphene. Because of the interlayer
coupling, the edge effects in FLG can be more complicated.
This is one subject of the current work.

On the other hand, rotational stacking induced moiré pat-
terns have been the subject of intensive experimental and theo-
retical research.[*>7! They are widely used to deduce the twist

angle between two adjacent layers!!®-28!

D =d/[2sin(8/2)], e))

where D is the period of the moiré pattern and d = 0.246 nm
is the lattice constant of graphene. This formula is based on
the hypothesis that only the geometrical alignment between
the top two layers determines the moiré pattern, other fac-
tors (such as contributions from other layers) can be neglected.
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More study is needed for a complete and accurate understand-
ing of moiré structures on FLG.

There is another long term issue related to stacking.
Graphene has a honeycomb structure. Yet in AB stacked re-
gions on graphite, only one triangular sublattice consisted of
half of the carbon atoms is visible in STM measurements. (2]
This can be explained by that the sublattice right atop the car-
bon atoms of the second layer has a much lower local density
of states than the other, resulting in dark carbon sites in STM
images.[**] However, occasionally both sublattices are simul-
taneously seen on graphite in STM, even at low bias, which is

31321 This puzzle

apparently contradictory to the above theory. !
has not been clearly resolved for a long time.

In this work, we investigate the atomic structures of the
step edges and moiré patterns on FLG on Ni films. Rotational
stacking dominates on FLG grown by segregation. At a bias
lower than 200 mV, only one sublattice shows up in STM in
regions without moiré while both sublattices are seen in re-
gions with moiré, clarifying the long term puzzle. The scatter-
ing characteristics at various types of step edges are different
from those at armchair or zigzag monolayer graphene edges.
We expect this paper to provide a better understanding for var-
ious features on FLG.

2. Experimental

The graphene samples were grown using the method re-
ported previously.**! Briefly, polycrystalline Ni films (about
200-nm thick) were prepared by evaporating Ni (> 99.9 wt%
Ni, 0.008 wt% C) onto SiO,/Si substrates with an ultrahigh
vacuum (UHV) electron beam deposition method (ULS400,
Balzers). The evaporation rate was about 0.15 nm/s with the
substrate kept at room temperature. The growth of graphene
was conducted by annealing the Ni films at 900 °C-1100 °C
for 3-10 min at 0.4 x 1073—4 x 1073 Pa and then cooling
down to room temperature inside a vacuum annealing furnace
(VTHK-350, Beijing Technol Science Co., Ltd.). Usually,
graphene samples of 10 mmx 10 mm in size were prepared
and cut into four pieces for STM, LEED and Raman experi-
ments.

The samples were degassed at about 150 °C in UHV with
a base pressure below 1 x 10~ mbar for about 2 h before STM
and LEED measurements. STM was performed in constant-
current mode with mechanically polished Pt/Ir tips, and all
given voltages were referred to a sample. The LEED beam
size was about 0.2 mm in diameter.

3. Results and discussion

Figure 1(a) shows representative Raman spectra mea-
sured (with a 514-nm excitation wavelength) on the samples.
Due to the stacking disorder in the first few layers of our sam-

ples, which will be shown later, it is difficult to determine the
exact thickness from the Raman spectrum.7-11-33]

Figure 1(b) shows a typical LEED pattern. The spots of
the diffraction pattern appear weak and fuzzy on a dim back-
ground, indicating that there are many azimuthal orientations

of the graphene domains in the sample.
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Fig. 1. (color online) (a) Raman spectra taken at different locations
on the as-grown graphene film. The D, G, and 2D Raman bands of
graphene are labeled, showing a high crystallinity. The spectra were
measured with a 514-nm excitation laser and a 50x objective lens. (b)
LEED result of the sample. The incident electron beam energy was
61 eV. The dim circle with fuzzy spots reflects many azimuthal angles
of graphene domains. (c) A large-scale STM image showing steps of
the Ni substrate (scanning conditions: —700 mV, 0.2 nA).

Thermal annealing generates a Ni film microstruc-
ture with single-crystalline grains of sizes of several

[12,13] as

micrometers,!! 11334 exposing flat (111) facets,
shown in Fig. 1(c). The surfaces of these grains have atomi-
cally flat and clean terraces, similar to the surface of the single
crystal substrates that are used for epitaxial UHV graphene
growth. Triangular terraces exist on the grains, as shown in
Fig. 2(a).
monoatomic step height is 0.2 nm. Graphene layers are con-

They can extend over tens of nanometers. The

tinuously grown on these terraces. Usually, several layers of
graphene were observed on the flat triangular terraces with
some small graphene fragments on top. These graphene layers
can be easily distinguished by their irregular edges.

The regions covered with and without graphene layers
The line profile in Fig. 2(b)
around the graphene edge shows that the lower part with a cor-

have different corrugations.

rugation of about 0.1 nm is much rougher than the graphene
layer. The atomic structure of graphene was never observed in
the rough part. Therefore, it can be attributed to an oxidized
nickel surface.
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Fig. 2. (color online) (a) A large area STM image (scanning conditions:
—500 mV, 0.8 nA). (b) Line profiles along the lines in panel (a), show-
ing a corrugation of 0.01 nm for the graphene covered region and 0.1
nm for the bottom part not covered by graphene.

STM measurements on these samples revealed a com-
mon feature; that is, the presence of moiré patterns resulted
from twists between graphene layers. In fact, they dominate in
the samples. As a comparison, the chances to see moiré pat-
terns on HOPG samples are small because the stacking order
is mostly Bernal. Therefore FLG grown on Ni films provides a
good system to study the rotational stacking and its influences
on graphene properties. In our samples, layers lying above
are mostly smaller in size. Therefore, the relation between the
moiré pattern and the twist angle can be directly probed at the
step edges.

Figure 3 shows one typical edge. The edge of the top
layer is marked by a black dashed line in Fig. 3(a). The top
layer is smaller in size than the bottom layer. There is a moiré
pattern with a period of 3.2 nm on the bottom layer, indicating
a twist to the layer beneath. No moiré pattern was observed on
the top layer. The zoom-in scanning result in the boxed area
is shown in Fig. 3(b). Both layers are atomically resolved,
clearly showing the two layers with the same orientation. This
explains why no moiré pattern forms on the top layer. The
inset of Fig. 3(b) is the corresponding fast-Fourier transform
(FFT) result. The regular hexagonal pattern marked by the
white circles corresponds to the atomically resolved carbon
lattice. The smaller irregular hexagonal pattern corresponds
to the scattering pattern caused by the step edge. The edge
direction (marked by the solid black line) deviates 5° from
the armchair direction (marked by the solid white line) of the
graphene lattice. The scattering pattern in the FFT appears as a
(v/3 x v/3)R25° pattern, 5° different from the (/3 x v/3)R30°
pattern predicted for monolayer armchair edges. 2263336 Jt
is also noteworthy that only one sublattice of graphene on the
top layer is apparent in STM, indicating AB stacking between

layers.[?") Therefore, the edge cannot be simply modeled as
a monolayer edge. It is an edge of the top layer of a Bernal
bilayer. The differences from monolayer edge scattering are
understandable.

10 nm

Fig. 3. (color online) STM results at one graphene step edge. (a) There
are (not) moiré patterns in the bottom (top) layer. Inset: Moiré pattern
of the bottom layer with a period of 3.2 nm. (b) Atomically resolved
image in the boxed area in panel (a), showing a scattering pattern. The
white solid line and black solid line mark the armchair direction and the
step edge direction, respectively. Inset: FFT of panel (b). The diffrac-
tion spots corresponding to the graphene lattice are marked by white
circles (scanning conditions for the images: (a) —300 mV, 0.9 nA; in-
set: —150 mV, 1.2 nA; (b) —15 mV, 2 nA).

Figure 4 shows a different type of edge. The top layer
displays a moiré pattern with a period of about 4.9 nm and the
bottom one does not. This means that there is no rotation be-
tween the bottom layer and the third layer. The atomic lattices
in both layers are simultaneously resolved in Fig. 4(b). This
gives the rotation between the two layers of about 2.8°. Conse-
quently in the FFT obtained from Fig. 3(b), there are two sets
of spots in the white circles rotated by 2.8°. These directly
measured values of 2.8° and 4.9 nm validate equation 1, as il-
lustrated by the simulation shown in Fig. 4(d). On the bottom
layer without moiré, again only one sublattice is observable,
while on the layer with moiré, both sublattices are seen. This
edge is along the zigzag direction of the top layer. The smaller
hexagonal pattern in the FFT corresponds to the scattering pat-
tern in Fig. 4(b), which is quite close to (\ﬁ X \ﬁ)R30°. In
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studies of monolayer edges, a honeycomb scattering pattern
has only been observed around the armchair edges. However,
a honeycomb scattering pattern is also seen here close to the
zigzag edge. Again, we note that this edge is not a monolayer
zigzag edge because of the existence of the layers underneath.

Fig. 4. (color online) STM results at another step edge. (a) There are
(not) moiré patterns in the top (bottom) layer. (b) Atomically resolved
image of the boxed area in panel (a), showing a rotation angle of 2.8°and
a scattering pattern. The edge is along the zigzag direction of the top
layer. (c) FFT of panel (b) showing two sets of diffraction spots of the
graphene lattices (marked by white circles) and one set of the scattering
pattern. (d) Simulation of the moiré pattern with a 2.8° rotation (scan-
ning conditions for the images: (a) —300 mV, 0.5 nA; (b) —15 mV,
1.2 nA).

The moiré patterns observed in our samples have many
different periods, some of which are listed in Table 1. The
typical corrugation of the moiré superstructures is 0.2-0.5 A,
which is similar to those observed on Ir(111)B71 and much
smaller than that on Ru(0001).18] Most of the moiré pat-
terns are commensurate with the twist angle satisfying cos@ =
(6i% + 6i + 1) /(6i> 4 6i +2), where i is any positive integer.
Figure 5 shows moiré patterns with periods of 3.6 nm and
6.2 nm. When trying to get atomic resolution with bias smaller
than 200 mV, we found that in regions without moiré only one
sublattice was apparent. This can be explained because in AB
stacking the sublattice right atop the carbon atoms of the sec-
ond layer has a much lower local density of states than the
other, resulting in dark carbon sites in STM images.**! On
the other hand, both sublattices were always seen in regions
with moiré patterns. This phenomenon was mentioned above
in Figs. 3 and 4. Two more examples are shown in Fig. 5.
This can be understood as a consequence of the rotation, there
are no sublattices right atop the carbon atoms of the second
layer, the two sublattices largely return to equivalence. In
other words, interlayer rotation can determine the observation
of both or one sublattice.
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Fig. 5. (color online) STM images of moiré patterns with periods of
3.6 nm (a) and 6.2 nm (c). (b) and (d) Atomically resolved STM images
obtained in regions in panels (a) and (c), respectively, showing both sub-
lattices (scanning conditions for the images: (a) —60 mV, 2.0 nA; (b)
—15mV, 2.0 nA; (c) —200 mV, 1.0 nA; (d) —20 mV, 2.0 nA).

Table 1. Some moiré pattern periods observed in this study.

Period/nm 2.76 32 3.6 49 6.2 7.1
Rotation/(°) 5.1 4.4 39 2.8 2.3 2.0

4. Conclusion

In summary, few-layer graphene grown on Ni thin films
has been characterized by STM. Moiré patterns dominate on
these samples. They originate from the rotations between two
consecutive layers. At low bias, only one sublattice shows up
in STM in regions without moiré (AB stacking), while both
sublattices are seen in regions with moiré (rotation). Step
edges are abundant on the topmost graphene layers, showing
various orientations with respect to the two layers involved.
The scattering characteristics vary accordingly, which are dif-
ferent from those at armchair or zigzag monolayer graphene
edges. This FLG/Ni system exhibits a wealth of rotational
stacking and edge configurations, thus providing a nice tem-
plate for studying related properties.
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