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ABSTRACT: The intercalation of heteroatoms between
graphene and a metal substrate has been studied intensively
over the past few years, due to its effect on the graphene
properties, and as a method to create vertical heterostructures.
Various intercalation processes have been reported with
different combinations of heteroatoms and substrates. Here
we study Si intercalation between graphene and Ru(0001). We
elucidate the role of cooperative interactions between hetero-
atoms, graphene, and substrate. By combining scanning
tunneling microscopy with density functional theory, the
intercalation process is confirmed to consist of four key steps,
involving creation of defects, migration of heteroatoms, self-repairing of graphene, and growth of an intercalated monolayer. Both
theory and experiments indicate that this mechanism applies also to other combinations of hetero-atoms and substrates.

■ INTRODUCTION

Graphene, a two-dimensional crystal of carbon atoms packed in
a honeycomb structure, has many promising mechanical,1

electrical,1−3 and optical1,4 properties.1 Graphene can also
interact with various heteroatoms or molecules, resulting in a
change of its intrinsic properties. This can also be used to create
hybrid graphene-based heterostructures,1,5−18 offering a new
degree of freedom to design functional graphene-based device
architectures. A variety of atomic5−13 and molecular14,15,17

species have been successfully integrated with graphene on
substrates via intercalation. Understanding this process may be
critical in realizing novel graphene-based heterostructures.19,20

Here we combine atomic-scale characterization with density
functional theory (DFT) and investigate the key processes
governing the intercalation of heteroatoms between graphene
and a substrate. Si intercalation between graphene and
Ru(0001) is chosen as a test bed because: (1) Si plays an
important role in electronics, and the development of hybrid
graphene-Si structures/devices may offer a seamless integration
route with current microelectronics processes. (2) Graphene
can be routinely grown on Ru(0001).21 This can be used as a
model system to reach an understanding of the intercalation
process, without concerns arising from the pre-existence of a
significant number of defects. We find that heteroatoms,
graphene, and substrate need to be considered as a whole in
order to understand the intercalation process. Our results may
have impact for the large area production of devices based on

hybrids between graphene and hetero-materials layers, which
may be challenging to achieve otherwise.19,20 Other combina-
tions of heteroatoms (such as Ni, Pd and Pt) and substrates
(such as Ir(111) and SiC(0001)) are also investigated to
support the generality of our study.

■ EXPERIMENTAL SECTION
Intercalation of Si. Single layer graphene (SLG) is grown by

exposing a Ru(0001) single crystal surface to ethylene at 1300 K.21

The process is performed in an Omicron low-temperature scanning
tunneling microscope (STM) with a base pressure lower than × 10−10

mbar. A current is applied to the surface of a thin Si wafer to sublimate
Si atoms onto the SLG substrate, kept at room temperature.
Calibration is done by measuring Si deposition onto a clean
Ru(0001) surface, where Si can form monolayer (ML) islands.
Based on STM images of different areas of the sample, a statistic
analysis is done to determine the average Si coverage on Ru(0001).
The heating current is fixed, and the the amount of Si deposited is
assumed proportional to the evaporation time. Different Si coverages
can be achieved by carefully adjusting the evaporation time. The
calibration process is repeated more than 10 times to ensure accuracy.
The sample is then annealed at different temperatures to initiate the
intercalation process.

Ar+ Ion Bombardment. An Omicron ISE 10 ion source is used to
create single vacancy defects on SLG. The density of defects is
determined by ion energy, Ar base pressure, and filament emission
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current, as well as bombardment time. We fix the ion energy at 100 eV,
the Ar pressure at 3 × 10−6 mbar, and the emission current at 0.1 mA
and vary the bombardment time to tune the density of defects.
DFT Calculations. We use the local density approximation22

within the Vienna ab initio simulation package,23 and the projector
augmented wave (PAW)24 method. More details are provided in the
Supporting Information.

■ RESULTS AND DISCUSSION
Figure 1a plots a 90 × 90 nm STM topographic image of
graphene after partial intercalation of Si. Before Si intercalation,

intact SLG can be seen (see Supporting Information Figure
S1).21 Figure 1a shows a smooth and flat surface that can be
assigned as SLG/Si/Ru with a Si ML between the SLG and Ru.
The rest of the image is a region with a small percentage of Si,
as evidenced by the appearance of small isolated Si islands
underneath graphene, with a line profile shown in Figure 1b.
The high-resolution image in Figure 1c further reveals that the
SLG is intact and uniform after Si intercalation, which is
confirmed by both STM characterization on different sample
locations and Raman spectroscopy25 (see Supporting Informa-
tion Figure S2).
A few mechanisms have been proposed to account for similar

intercalation processes.7,11,14,16,18 Heteroatoms can diffuse
through graphene island edges or pre-existing defects7,11,14,18

or exchange with carbon atoms.16 However, these mechanisms
do not explain our observations, since our SLG has negligible
pre-existing defects.21 Previous low-energy electron microscopy
studies16 suggested that the Si atoms could directly penetrate
through SLG without requirement of edges14 or wrinkles.18

But, the temperature in our experiments is not enough to break
the carbon−carbon bond (the bond energy was estimated to be
∼5.67 eV,26 corresponding to a temperature of ∼6.6 × 104 K)
or to enable the Si−C exchange process, requiring at least 3
eV.16

Figure 1d outlines our proposed mechanism by highlighting
a few key steps: cooperative creation of defects (stage II),
migration of heteroatoms through graphene to the Ru surface
(stage III), self-repair of the graphene lattice (stage IV), and
assembly of heteroatoms to form an intercalated layer (stage
V). These four steps are intercorrelated and can happen
simultaneously, which makes it challenging for unambiguous
characterization.
Figure 2a shows a typical image after deposition of 0.05 ML

Si onto a SLG/Ru surface, followed by annealing at 400 °C for

10 min, while Figure S3 in the Supporting Information plots
the images for lower annealing temperatures. In addition to
large bright protrusions, assigned to as-deposited Si clusters,
many randomly distributed small dot-like features can be seen
(blue solid arrows in Figure 2a, see also Supporting Information
Figure S4a,b). These features can be assigned to carbon
vacancies accompanied by distortion of the honeycomb lattice,
as revealed in the high-resolution image of Figure 2b. Another
evidence of our assignment to carbon vacancies is that the small
dot-like features in Figure 2a can only be observed at 350−400
°C within a short time period (∼10 min). At higher
temperatures and/or for longer times (>30 min) Si adatoms
can migrate, accumulate, and combine with carbon vacancies,
resulting in small bumps with different apparent height (e.g.,
dashed squares in Figure 2c). To confirm this, we perform a
control experiment by heating graphene on the Ru substrate
under the same conditions, but without predeposition of Si. In
this case we do not detect any vacancy features in Figure 2 (see
also Supporting Information Figure S4c). This suggests that the
involvement of Si is a prerequisite for defect formation under
our experimental conditions.
We further compare the defect formation energies in four

different scenarios (as listed in Supporting Information Figure

Figure 1. STM topography of SLG/Si/Ru and proposed intercalation
process. (a) Three-dimensional view of the intercalated Si layer. (b)
Height profile along the line depicted in (a). (c) Atomic resolution
image showing the SLG lattice on top of the intercalated Si layer in the
rectangular area highlighted in (a). The scale bar is 1 nm. (d)
Schematic intercalation process. The yellow and green arrows
represent diffusion paths for the Si and C atoms, respectively.

Figure 2. Si-induced defect formation. (a) STM image of SLG/Ru
with predeposition of 0.05 ML Si at room temperature, followed by
thermal annealing at 400 °C for 10 min. (b) Atomically resolved image
revealing a carbon vacancy (bias voltage Vs = −0.1 V, tunneling current
It = 0.3 nA). (c) STM image of the sample in (a) after another thermal
annealing at 450 °C for 30 min. (d and e) Calculated energy barrier of
Si intercalation without and with Ru substrate, respectively.
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S5) by ab initio calculations:27 free-standing SLG, SLG/Ru,
free-standing SLG with a Si adatom, and SLG/Ru with a Si
adatom. An energy reduction from 8.09 eV (free-standing SLG)
to 0.23 eV (Si-SLG-Ru) is observed after inclusion of
interactions between Si adatoms, graphene, and substrate,
making it possible to create vacancies in our experimental
conditions.
The availability of carbon vacancies can thus facilitate

migration of Si atoms through SLG. In order to evaluate the
role of defects, we also perform a control experiment by
creating single vacancy defects by low-energy ion bombard-
ment.28 Argon ions with an energy of 100 eV can create single
vacancy defects on SLG/Ru, with defect density controllable by
changing the dosage and duration (Supporting Information
Figures S6 and S7). The same amount (2 ML) of Si is
deposited onto SLG/Ru samples with different initial defect
density (Supporting Information Figure S6a−c), followed by
annealing at 700 °C for 30 min. The higher the initial defect
density, the more Si can be intercalated (Supporting
Information Figure S6d−f), suggesting that defects indeed
enable and promote intercalation, supporting the proposed
defect assisted intercalation process.
In order to evaluate the role of the substrate in the

intercalation process, we employ the climb nudged elastic band
method29 to simulate migration of a single Si atom through a
vacancy. Figure 2d,e compares the energy barrier difference for
the migration process without and with consideration of the
effect of Ru(0001). We observe a significant reduction of the
barrier from 0.66 eV (without substrate) to 0.33 eV (with
substrate), suggesting that the Ru substrate can further reduce
the energy barrier of this process, as well as the total energy of
the system, during Si intercalation. This effect also makes the
inverse process (i.e., migration of Si atoms from the interface to
the upper SLG surface) less likely under our experimental
conditions.
We observe that the honeycomb carbon lattice can be

restored after Si intercalation, with the removal of vacancies in
the temperature range 300−800 °C. In order to remove
vacancies, extra carbon atoms are required. These can originate
either from the knockout carbon atoms in the defect formation
stage or from the bulk Ru substrate.30 To confirm this, we
investigate the relation between the SLG defect density and the
annealing temperature. Figure 3a−c shows three STM images
of SLG/Ru after annealing at 25, 300, and 450 °C, respectively.
Figure 3d indicates that the defect density substantially
decreases with the increase in temperature. Annealing at 700
°C for 30 min is enough to repair almost all defects on the SLG
surface after Si intercalation. This process may be critical in
order to create high-quality graphene-based hybrid structures.
We now explore the evolution and assembly of the

intercalated Si layer (i.e., stages V and VI in Figure 1d).
Reference 31 suggested that the intercalated atoms could
diffuse into the metal substrate and form alloys. We observe
that the Si atoms tend to spread at the interface without the
formation of alloys. Figure 4a−c shows the development of
three different structures with increasing Si adatoms from 0.3 to
0.8 ML. For low coverage, the intercalated Si atoms
preferentially migrate underneath the graphene’s atop sites32

(hills of the moire ́ structure) (Figure 4a). This is supported by
the fact that the intercalated atop sites become enlarged, with a
topographic distortion from the usual round shape (Supporting
Information Figure S1). Once all available atop sites are
occupied, more incoming Si atoms start occupying face-

Figure 3. Removal of vacancies on SLG/Ru. STM images of the SLG/
Ru samples annealed at (a) 25 °C, (b) 300 °C, and (c) 450 °C for 30
min. These samples have the same initial defect density, controlled by
argon ion bombardment. (d) Relation between defect density on the
SLG/Ru surface and annealing temperature. Each data point is
obtained by averaging eight 50 × 50 nm STM images taken on
different sample areas for a given temperature.

Figure 4. Evolution of the intercalated Si layer between SLG and the
Ru substrate.The intercalated Si atoms can sequentially occupy the
areas below (a) atop sites, (b) fcc sites, and (c) hcp sites. The inset
shows the corresponding structural configuration of the intercalated Si
atoms. (d) A full ML Si is formed at the interface. Inset is a 4.5 × 4.5
nm atomic resolution image showing the SLG lattice after
intercalation. (e and f) Typical topography (Vs = −0.05 V, It = 1.0
nA) before and after Si intercalation. (g) dI/dV spectra acquired at the
different locations marked in (f). The red, blue, and green curves
correspond to the dI/dV spectra acquired at the intercalated fcc sites,
the intercalated atop sites, and the non-intercalated fcc sites,
respectively.
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centered cubic (fcc, medium regions of the moire ́ structure)
and then hexagonal close packed (hcp, lowest regions of the
moire ́ structure) sites, leading to the appearance of Y-shaped
and triangular structures, as for Figures 4b,c, respectively. Once
the atop, fcc, and hcp sites are fully occupied, a full Si ML
underneath graphene is completed (Figure 4d), with the
manifestation of different structural and electronic character-
istics. For example, a variation of topographic features before
and after Si intercalation can be found by comparing Figure 4e
with 4f. The dI/dV curves measured at the intercalated fcc and
atop sites show similar features, but differ from those of the
non-intercalated fcc sites (Figures 4f,g). This can be under-
stood, since graphene becomes electronically decoupled from
the substrate after Si intercalation.
We then perform similar experiments as well as DFT

calculations to evaluate and compare different combinations of
heteroatoms and substrates, with a few examples highlighted in
Figure 5. Our calculations show that different systems can

manifest similar defect opening processes with the reduction of
the defect formation energy (Figure 5a), highlighting the
generality of our proposed mechanism, i.e., carbon vacancies
created by the interaction between heteroatoms, graphene, and
substrate enable the heteroatoms to migrate through the defect
sites and form an ordered intercalated ML, while defects are
then removed, restoring the SLG crystalline lattice. Figure 5b−
d shows experimental confirmation of the process in the case of
Ni, Pd, Pt intercalation between SLG and Ru (green arrows in
Figure 5b−d). These are similar to those discussed above for
the Si intercalation process.

■ CONCLUSIONS
We studied the intercalation process of heteroatoms between a
graphene layer and a metal substrate. This is governed by the
interplay between heteroatoms, graphene, and substrate. This
cooperative intercalation can result in both the formation of

large-scale intercalated layers and the restoration of the
graphene lattice at relatively low temperatures. This makes it
possible to create vertical graphene-based heterostructures,
minimizing the interfacial roughness. This may be critical for
the future development of mass-scale devices based on
heterostructures.
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