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he deposition of carbon onto metal

foils and thin films is currently the

leading method for producing large,
continuous graphene films.? One of the
earliest approaches involves segregating
carbon from the saturated bulk of a Ni thin
film.? The segregated carbon forms
graphene, with a layer thickness that de-
pends on the amount of segregated car-
bon. Owing to the complexity of polycrys-
talline films, graphene formation via
segregation is an extremely difficult pro-
cess to understand and control. Interface
heterogeneity also complicates efforts to
quantitatively predict graphene device per-
formance, for example, charge transport
through graphene/metal contacts.*> Unam-
biguous characterization of graphene on
heterogeneous surfaces necessarily requires
a local probe of both atomic and electronic
structure.

Here we describe a combined measure-
ment of the atomic and electronic struc-
ture of graphene films with 10 nm lateral
spatial resolution. As we subsequently
show, monolayer graphene is strongly
bound to the Ni surface and does not sup-
port the expected m-bands of free-standing
graphene, which appear only after two lay-
ers have formed. Our results are consistent
with first-principles electronic structure cal-
culations for monolayer and bilayer
graphene films on Ni(111). We show that
the graphene m-plasmon is a sensitive
probe of the graphene band structure near
the Fermi level. By forming images using
electrons that excite graphene plasmons,
we directly correlate local electronic proper-
ties with local surface structure.
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ABSTRACT We have used in situ low-energy electron microscopy (LEEM) to correlate the atomic and electronic

structure of graphene films on polycrystalline Ni with nm-scale spatial resolution. Spatially resolved electron

scattering measurements show that graphene monolayers formed by carbon segregation do not support the -

plasmon of graphene, indicating strong covalent bonding to the Ni. Graphene bilayers have the Bernal stacking

characteristic of graphite and show the expected plasmon loss at 6.5 eV. The experimental results, in agreement

with first-principles calculations, show that the 7r-band structure of free-standing graphene appears only in films

with a thickness of at least two layers and demonstrate the sensitivity of the plasmon loss to the electronic

structure.
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RESULTS AND DISCUSSION

After preparation of a clean surface,
Ni(111) grains of 1—2 pum in diameter are
observed. A low-energy electron micros-
copy (LEEM)® image of the clean polycrystal-
line Ni(111) surface, along with the corre-
sponding electron diffraction pattern, is
shown in Figure 1a. Graphene films of vary-
ing thickness were formed by segregation
of carbon to the surface at 800 °C. When the
desired amount of carbon had segregated,
the process was halted by rapidly cooling
the substrate to room temperature. A LEEM
image after carbon segregation and
graphene formation is shown in Figure 1b.
As we show later, the darker regions in the
image correspond to monolayer graphene,
while the brighter areas, located near the
grain boundaries, are thicker (2—3 layers).

Because the surface is polycrystalline
and rough, conventional LEED is of limited
usefulness. The beam samples a large area
of the surface, encompassing hundreds of
randomly oriented and misaligned grains,
resulting in a diffraction pattern that is com-
plex and difficult to interpret, as shown in
the inset to Figure 1a. However, by

plasmons - LEEM
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Figure 1. (a) A 10 eV bright-field LEEM image of a polycrystalline
Ni(111) surface. The inset shows the electron diffraction pattern (68
eV) from a 10 um diameter area; (b) 10 eV bright-field LEEM image re-
corded after graphene segregation. At this electron energy, one
graphene layer (A) appears dark, while thicker areas (B) are bright. Se-
lected area electron diffraction patterns (68 eV) from the areas marked
A and B in panel b.

illuminating only small regions of the surface (~500
nm diameter), diffraction patterns from selected areas
of individual grains can be easily obtained (Figure 1b).
Almost exclusively we observe a 1 X 1 diffraction pat-
tern, indicating that the graphene is azimuthally locked
to the underlying Ni(111) lattice. Because the graphene
film is commensurate with the substrate, it is difficult
to detect the presence of graphene from the electron
diffraction pattern alone. Instead, we confirmed the
presence of graphene by analyzing the dependence of
the image intensity on the electron energy, in the spirit
of a “LEED-IV" measurement.’

The dependence of the diffracted intensity on the
electron energy is known as an “IV curve”. The struc-
ture of the surface can be determined with subang-
strom precision by comparing the measured IV curves
with those computed for a trial structure.® In LEEM, the
IV curve for any pixel in the image (10 X 10 nm?) can be
extracted from a series of images recorded as the inci-
dent electron energy is changed.” IV curves measured
on a clean Ni(111) grain, and from the regions marked A
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Figure 2. Measured (black) and computed (gray) diffraction
curves (image intensity) from a clean Ni(111) grain and from
the regions A and B in Figure 1b. The best-fit curve for a
graphene bilayer with AA stacking is shown in dark gray.
The inset shows the measured registry of one graphene
layer on Ni(111). First-layer Ni atoms are light gray and
second-layer atoms are dark gray.

and B in Figure 1b, are shown in Figure 2. It is clear
that the segregation of carbon causes a dramatic
change in the IV curve, and that the curves from the re-
gions marked A and B are qualitatively different.

Dynamical analyses of the IV curves were performed
using codes based on the LEEDOpt package.’ Eight
phase shifts (L = 7) were used for the atomic t-matrix
calculation at each energy. An energy-dependent opti-
cal potential of the form 0.85E"3 was assumed.' Trial
surface structures were optimized to minimize the R,
factor.® For clean Ni(111) the best fit corresponds to a
bulk terminated (111) surface. For region A the best fit
corresponds to one monolayer of graphene located
2.18 A above the Ni(111) surface. The graphene layer
has the lateral registry indicated in the inset to Figure
2. The hexagons of the graphene lattice are centered on
the Ni atoms in the second layer. This result is in quanti-
tative agreement with the previous LEED analysis of
Gamo et al. for single-crystal Ni(111)."!

The IV curve from region B is significantly different
from that of A. For this region, the best-fit corresponds
to two graphene layers with the AB (Bernal) stacking se-
quence found in graphite. The derived layer spacing of
3.33 A compares well with the value of 3.35 A found in
graphite. It is clear from Figure 2 that AA stacking gives
a considerably worse fit than AB stacking. A random ori-
entation of the graphene is ruled out by the 1 X 1 dif-
fraction pattern (Figure 1b).

The LEEM instrument used in these experiments is
equipped with an in-line electron energy filter,'? en-
abling spatially resolved electron-energy loss spectros-
copy (EELS) measurements. A convenient method of
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Figure 3. (a) Energy-filtered LEEM image. The image is formed from electrons that have lost energy in the range 4—7 eV,
i.e., from those electrons that have excited a graphene  plasmon at the surface. The incident electron energy was 33 eV.
(b) Electron energy loss spectra (33 eV incident energy) recorded from the areas labeled A and B in panel A. Region A has a
single graphene monolayer and the EELS spectrum shows no m-plasmon loss feature. Region B corresponds to two graphene
layers and shows the expected m-plasmon loss at 6.5 eV and o +  plasmon loss at 16 eV.

probing the electronic structure of the graphene layer
is to measure the excitation of surface plasmons.’>~ 2 As
we show below, it is possible to perform plasmon spec-
troscopy with 10 nm spatial resolution, allowing a di-
rect correlation of the local atomic and electronic struc-
ture. The collective excitation of the 1 electrons in
graphene gives rise to a characteristic loss feature in
the 6—8 eV range.?! Using first-principles electronic
structure calculations, we show that the presence of
this feature in the loss spectrum indicates the presence
of the graphene m-band structure.

An energy-filtered LEEM image of the same region
shown in Figure 1b is shown in Figure 3a. The incident
electron energy was 33 eV. The image was formed
from reflected electrons that have lost energy in the
range of 4—7 eV. Incident electrons that excite the
w-plasmon of graphene will fall in this energy window,
and the bright areas in Figure 3a indicate where plas-
mons are excited in the surface. It is clear that the bright
areas in this “plasmon image” correspond precisely to
the thicker graphene areas in Figure 1b.

An even clearer picture develops when spatially re-
solved EELS spectra are recorded from the monolayer
and bilayer regions of the surface. We do this by illumi-
nating 1.5 pm diameter areas of the surface (indicated
by the circles in Figure 3a) and energy-analyzing the re-
flected electrons. The results are shown in Figure 3b.
Spectrum B was recorded from a region that includes
bilayer graphene (as indicated in figure 3a). This spec-
trum shows a clear loss feature at 6.5 eV, which corre-
sponds to the m-plasmon of graphene.'>'82° A weaker
feature at 16 eV corresponds to the o + 1 plasmon.
Spectrum A was recorded from monolayer graphene.
There are no loss features in the spectrum, suggesting
that the band structure of graphene is absent, despite
the fact that a carbon layer with the graphene structure
is present.

To establish the link between the appearance of
the m-plasmon and the band structure of graphene,
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we performed first-principles density functional theory
(DFT) calculations using the ab initio simulation package
VASP.2223 Projector-augmented wave (PAW)?*2> poten-
tials were used to represent the ionic cores. Exchange
and correlation effects were treated in the generalized
gradient approximation (GGA) proposed by Perdew,
Burke, and Ernzerhof.?® The structures of monolayer and
bilayer graphene on Ni(111) were modeled using a su-
percell with six layers of Ni and a vacuum region of 12 A.
The bottom three Ni(111) layers were kept fixed at the
optimized bulk Ni—Ni bond distance, d = 2.038 A, while
the top three Ni layers, along with the graphene lay-
ers, were allowed to relax. A planewave cutoff of 400
eV and a 43 X 43 X 1 k-point sampling was used. The
distance between Ni and the first graphene layer was
found to be 2.13 A, which is in excellent agreement with
the value derived from the LEED analysis. In the case
of bilayer graphene, the Ni—C distance was found to
be the same as in the case of single layer graphene, but
the interlayer spacing of 3.83 A obtained between the
graphene layers is about 15% larger than the experi-
mental value.

The EELS loss function was computed by taking the
imaginary part of the inverse of the in-plane (xx or yy;
note that the normal to the graphene layers is along the
z -axis) component of the dielectric constant tensor,
&qp, in the random phase approximation (RPA).?” The
imaginary part of the dielectric constant tensor is given
as
_ e,

o L'ﬂ?) ;E(Zwké(sck R )

<uck+eaq|uvk><uck+el3q|uvk>* (1)

el (w)

Here the indices c and v refer to the conduction and
the valence band states, respectively, uk is an eigen-
state with wave vector k, wy are the k-point weights,
which are defined such that they sum to 1,% the factor
2 before the weights accounts for the fact that a spin-
degenerate system is considered, and () is the volume
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Figure 4. (a) The calculated loss spectra of monolayer and bi-

layer graphene on Ni(111) for g = 0. A line width of 0.01 eV was

used to compute the spectra. (b) Band structure of monolayer
and bilayer graphene on Ni(111). The Dirac point is clearly ob-
served at K in the case of bilayer graphene but not for mono-
layer graphene.

of the unit cell. The vectors e, are the unit vectors for

the three Cartesian directions. It is known from the work

of Eberlein et al.’® that in graphene, the mand m + o

plasmon peaks appear at around 4.8 and 15 eV, respec-

tively for g =~ 0. For both free-standing monolayer and
bilayer graphene we have obtained spectra essentially
identical to those computed by Eberlein et al.,”® thus

confirming the validity of our approach (more sophisti-
cated approaches to computing the dielectric function

can be found elsewhere'®'’). To examine the
m-plasmon features on Ni(111), we computed the loss

spectra for both monolayer and bilayer graphene in the

range 0—7 eV (Figure 4). For the case of monolayer

METHODS

Sample Fabrication. The polycrystalline Ni films were created
by sputter depositing 300 nm of Ni onto 300 nm SiO, /Si sub-

strates. The Ni films were cleaned in ultrahigh vacuum (UHV) by
sputtering with 2 kV Ne ions at 800 °C, followed by annealing at
900 °C. Surface cleanliness was monitored using X-ray photoelec-

tron spectroscopy (XPS). Annealing at 900 °C produced Ni(111)
grains with an average diameter of 1—2 pum.

Graphene Formation. Carbon was dissolved into the Ni film by
exposure to 5 X 1077 Torr of ethylene at 975 °C for about 5
min. After ethylene exposure, segregated graphene layers were

formed by gradually lowering the substrate temperature in UHV.

Segregation typically occurred at temperatures below 900 °C.
All process steps—annealing, ethylene exposure, and carbon
segregation—were monitored in real time using LEEM.
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graphene, there is no loss peak corresponding to the
7 -plasmon excitation (dashed line in Figure 4a). How-
ever, for bilayer graphene (solid line), there is a clear fea-
ture at the expected loss energy of 4.8 eV. The posi-
tion of the calculated 7 plasmon, however, is slightly
red-shifted when compared to the measured spectra.
This can be understood by noting that the calculated
spectra are for g = 0, while the measured spectra corre-
spond to g = 0.7 A ~'. Away from g = 0, the w-plasmon
shows a clear dispersion to higher energies, consistent
with what we observe.'>'*'8 Thus, we conclude that co-
valent bonding between graphene and the Ni sub-
strate disrupts the 7 bands, and that the 7 bands of
graphene only appear when two layers of graphene are
present. This is also evident from the band structures
of graphene and bilayer graphene on Ni(111) shown in
Figure 4; the Dirac point is only present in the case of bi-
layer graphene, while for monolayer graphene there
are no crossing graphene bands near the K-point.

CONCLUSION

We have used electron diffraction and spectros-
copy, with nanometer-scale spatial resolution, to char-
acterize the geometric and electronic structure of
graphene films on a polycrystalline Ni substrate. Single
layers of graphene are rotationally locked to the Ni
grain on which they reside. The layers are strongly
bound to the substrate, and the m-band structure char-
acteristic of graphene is absent. In contrast, graphene
bilayers do exhibit the m-plasmon, demonstrating that
at least two layers of graphene are required in order for
the m-band structure of graphene to appear. The dis-
ruption of the graphene band structure at the interface
with Ni highlights a potential issue for metal contacts
in graphene devices. Clearly, it is not just the metal work
function that determines the transport properties of
the interface. Bonding of the graphene to the metal can
significantly alter the graphene band structure, poten-
tially affecting charge injection and device perfor-
mance. These results highlight the need for combined
measurements of atomic and electronic structure in un-
derstanding the properties of graphene films.

Microscopy. The surfaces were imaged using a low-energy elec-
tron microscope designed and built at IBM. The microscope in-
corporates a cold field-emitter electron source and a slit-based
energy filter. The microscope is not aberration corrected. Micro-
scopes based on this design are commercially available from
SPECS GmbH.
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