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Abstract

Exposing a monolayer of graphene on ruthenium (¢g/Ru(0001)) to low en-
ergy Art ions leads to: nanotent formation and ”can-opener” effect, similar
phenomena as observed for h-BN/Rh(111) targets [I]. Nanotents are extra pro-
trusions in the sp? monolayers beneath which atoms are immobilized at room
temperature. Annealing the Ar™ implanted structures results in the ”can-
opener” effect, i.e., the formation of the voids with a diameter about 2 nm
within the graphene layer. The voids preferentially settle in the ”hill” regions
of the g/Ru(0001) superstructure and thus display spacial selectivity. This pro-
vides a convenient method to spatially control defect positions within graphene
membranes with nanometer precision. The results are obtained by scanning
tunneling microscopy, low energy electron diffraction and photoemission, and
are backed with density functional theory calculations.
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Introduction

Graphene [2] and hexagonal boron nitride (h-BN) [3] are novel two-dimensional

(2D) layered materials, which are atomically thin. They have unique proper-
ties, such as remarkable mechanical strength, high optical transparency, good
s thermal conductivity and excellent chemical and thermal stability. In view of
electronic properties, graphene sparkles with a high carrier mobility and it is a
zero band gap semiconductor [4], while h-BN is a wide band gap insulator with
optoelectronic promises [5]. Thus graphene and h-BN have a large potential
for applications in electronic devices. However, many proposed applications of
1 graphene require the ability to tune its electronic structure at the nanoscale [4].
Even though charge transfer [6] [7], doping and intercalation [8, [, 0] can be
applied to manipulate charge carrier concentrations and functionality, imple-
mentation with nanometer precision and high throughput remains a challenge.
Pristine, defect-free graphene is impermeable to gases including helium [I1],
15 theoretical models predict that graphene membranes with controlled-size and
density of defects would exhibit selectivity and permeability orders of magnitude
better than current filtration membranes [12], 13| [14]. Thus, spatial control of
defect creation, self-assembly and annihilation in graphene at the nanoscale [I5]
is extremely important for the full exploration of this 2D material. Yet, exper-
2 imental studies illustrating such ionic (molecular) selectivity and permeability
have so far been limited to microscopic samples due to many challenges [16], [17],
such as the quality of the graphene. Currently, among different methods to pre-
pare atomically thin graphene and h-BN, chemical vapor deposition (CVD) has
been demonstrated to be the most promising to prepare good quality graphene
s and h-BN. Interestingly, such sp? monolayers formed by CVD on a variety of
substrates [I8], 19, 20, 2T, 22] 23| 24} [7 [25] exhibit superstructures with a few
nanometers lattice constants. Beyond chemical approaches [26], it was realized
that also defects created by ion irradiation induce new functionalities [27] 28],

or ways to form new nanostructures [T, 29, [30] 31].

30 Besides graphene on iridium [19] [32] [29], graphene on ruthenium (0001)
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(g/Ru(0001)) is among the best studied systems with a high Z metal substrate
[20, 33], 21, [34]. The superstructure is by now commonly called ”moiré” pattern.
The supercell is divided into three different regions with different registries of
the carbon atoms to the Ru atoms in the first substrate layer [23]. Two of these
regions, where one of the two carbon atoms of the 1 x 1 honeycomb unit cell of
graphene bind to a Ru atom are called ”valley” and the third region is named
as "hill”, where the carbon does not bind to the substrate, but is stabilized by
the strong sp? o-bonds. The hill-hill distance is about 3 nm and related to the
lattice mismatch of the graphene and ruthenium. Intriguingly, x-ray diffraction
indicated a (23 x 23) super-cell with 4 hills [35], which could be observed with
scanning tunneling microscopy (STM) and calculated with density functional
theory [36].

In previous work, we reported the formation of Ar and Rb nanotents by
exposing low energy ions to the ~~-BN/Rh(111) nanomesh [T, B7]. The immobi-
lization of atoms occurs at two distinct sites beneath the ”wire crossings” of the
h-BN nanomesh honeycomb [38]. Annealing the ion-implanted nanostructure
leads to the ”can-opener” effect [I]: That is, the formation of highly regular
voids with 2 nm diameter within a h-BN monolayer upon an annealing process.
The density of these 2 nm voids can be modified by the Ar™* ion dose prior to an-
nealing. Furthermore, we explored the annihilation of the voids by annealing the
h-BN/Rh(111) above 1000 K [31]. Here, combining STM, low energy electron
diffraction (LEED) and photoemission, we demonstrate that by the exposure of
low energy Ar™ ions to CVD g/Ru(0001), Ar nanotents are formed in a similar
way as on h-BN/Rh(111), and that they are also site-selective. Upon anneal-
ing of the implanted structure, the ”can-opener” effect occurs on g/Ru(0001) as
well, i.e., we observe the formation of regular 2 nm voids in the graphene. These
results pave a new route for the fuctionlization of graphene, and will eventually
allow engineering of porous graphene membranes for practical applications, such
as DNA sequencing [39], nanofiltration [26], water purification and desalination

0.
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Results and Discussion

Our starting point was the preparation of a perfectly clean graphene mono-
layer on Ru(0001). The Ru(0001) crystal is cleaned by several cycles of Ne™
ion sputtering at 1.5 keV in ultra high vacuum, followed by subsequent anneal-
ing to 1100 K, Oy dosing and further flash to 1300 K. The cleanness of the
Ru(0001) surface was checked by STM, LEED and x-ray photoelectron spec-
troscopy (XPS). Afterwards, the pristine graphene monolayer was grown on the
clean Ru(0001) surface by high-temperature CVD of ethylene (CoHy) precursor
molecules [23].

Figure 1a shows the large-area STM image of graphene on Ru(0001) at room
temperature. Due to the lattice mismatch between graphene and Ru(0001) (the
lattice constants of graphene and Ru are 0.249 nm and 0.272 nm, respectively),
g/Ru(0001) forms a corrugated moiré pattern [20}[34] [36], as illustrated in Figure
1b. The average periodicity of the moiré pattern is about 3 nm for a unit cell
with one hill, i.e., about one quarter of the unit cell in Ref. [35], [36]. Roughly,
a super-cell with a single moiron contains 12 x 12 carbon pairs above 11 X
11 Ru atoms, as the black frame shows in the inset of Figure la. The base of
freestanding graphene has two identical carbon atoms C 4 and Cp, which become
distinguishable by the local coordination to the Ru substrate. The super-cell
consists of three different regions [23]: the bright or weakly bound region (hill
site, (C4,Cp)=(hcp,fcc), also called atop site), a dark or strongly bound region
(valley A, (Ca,Cp)=(fcc,top), short for hep site, marked with blue triangle in
Figure 1a), and an intermediate region (valley B, (C4,Cp)=(top,hcp), short for
fce site, marked with a green triangle in Figure 1a). Figure 1c displays the cross-
section along the white line in Figure 1b, which goes through the hcp site, hill
site and fcc site three times sequentially. The apparent STM hill height varies,
depending on tip conditions and tunneling parameters [20, 4], from 0.06 nm to
0.15 nm, where Figure 1c shows an average STM hill height of about 0.14 nm.

The sharp hexagonal (1 x 1) LEED patterns at 75 eV in Figure 2a demon-
strate the highly ordered clean Ru(0001) surface. After CVD growth, the
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g/Ru(0001) surface displays additional diffraction satellite-spots around the six
principle spots of Ru. These additional sharp spots show the same hexagonal
arrangement (Figure 2b), indicating that a highly ordered graphene monolayer
has been formed on the Ru surface. In order to further check the graphene
quality, Al Ko (hw=1486.6 eV) XPS measurements have been carried out. Fig-
ure 2c displays the Ru 3ds/, and Ru 3dgs/, core levels of the clean Ru(0001)
(pink), g/Ru(0001) (green) and their differences (black, enhanced by a factor of
four for clarity). Obviously, the graphene formation on Ru(0001) decreases the
intensities of the Ru 3d peaks while a positive peak displays in the difference
spectrum at around 286 €V and indicates the C 1s core level of graphene.
When the pristine graphene (Figure 3a) is exposed to low energy Ar™t ions
(sputter charge density of 460 nC/cm?), the ions penetrate the graphene mono-
layer by consuming energy and accumulate above the Ru(0001) surface to form
the so-called "nanotent” structures [II, 38| [3T], as shown in Figure 3b. At room
temperature the nanotents appear as bright protrusions in the STM topog-
raphy image. These nanotents are a robust feature and may be observed at
positive and negative tunneling voltages. They are stable at room temperature
and also survive exposure to air. Interestingly, the ion implantation is a site-
selective process. For h-BN/Rh(111), nanotents only form beneath two distinct
nanomesh wire-crossing-sites, but not in the pores [I]. However, for g/Ru(0001),
the situation varies due to the different structure and carbon bonding to the
substrate of graphene, as compared to BN. Figure 3a and 3b show STM data of
the graphene before and after exposure to low energy ArT ions. The zoom-in
room-temperature STM image in Figure 3c illustrates the graphene surface with
a nanotent density of 0.7 protrusions per 11x11 Ru unit cell. They stop not
only at hill sites, but also at fcc and hcp sites. Yet, the statistics of nanotent
positions for Figure 3c indicates about half of the nanotents to locate beneath
hill sites, 30 % at fcc sites and about 20 % at hcp sites. This is consistent with
the density functional theory (DFT) calculations, which reveal the implantation
energy for a nanotent at the hill site of at least (3.13 eV), at the fcc site it is
intermediate(3.90 eV) and at the hep is the maximum (4.30 eV). Details refer
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to the theory part and table 1.

Figure 3d and 3e show the corresponding current and topography STM im-
ages with atomic resolution. Ar atoms not only immobilize beneath the hill site
of the graphene moiré pattern, but also at the intermediate fcc site, as marked
with light blue circles in Figure 3e. The ion bombardment knocks out carbon
atoms, leaving vacancy defects within the graphene layer, which are marked with
pink dashed circles in Figure 3e. Comparison of Figure 3a and 3b indicates that
the height of most hills remains the same. However, there are some brighter
protrusions on the implanted graphene surface. These brighter (higher) protru-
sions are attributed to the nanotents that settle at the hill sites. One example
is the brightest protrusion in Figure 3e, by which both white cut-lines pass. In
addition, the nanotents at valley sites also raise the height of the valley, which
induces strain and makes the moiré pattern not perfectly regular, as displayed
in Figure 3e (agrees with the LEED pattern in Figure 4b). The nanotents in
the valleys appear smaller than those at the hill sites. Figure 3f and 3g display
the two line profiles in Figure 3e that shows the height as measured from the
bottom of the hcp site. The line in Figure 3f crosses an occupied fcc site, an
empty hep site, an occupied hill (atop) site and and an empty atop site, while
the cut shown in Figure 3g passes by sequentially one vacancy defect (pink ar-
row), empty atop site, another vacancy defect (pink arrow) and occupied atop
site. The average height of the nanotents is about 0.15 nm.

In order to check changes on the macroscopic scale, before and after Ar™ ion
exposure, a series of LEED measurements have been carried out for the same
sample. Figure 4a-4f show the LEED patterns for pristine graphene (Figure
4a, 4b), Ar implanted graphene (Figure 4c, 4d) and implanted graphene after
annealing to 1000 K (Figure 4e, 4f). Among these LEED patterns, Figure 4a,
4c and 4e are measured with an electron energy of 15 eV, while Figure 4b, 4d
and 4f are taken at 74 eV. Clearly, the Ar" ion implantation process alters
graphene surface structure as seen by LEED, as indicated in Figure 4c and
4d. After Ar implantation, the sharp hexagonal spots of graphene monolayer

become weak and almost invisible at low energy (15 eV). This indicates that the
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ordered graphene surface is altered due to the nanotent formation, which agrees
with STM results. However, the LEED patterns at 74 eV are less affected and
illustrate that the 1x1 order of graphene persists. If the implanted graphene
surface is annealed to 1000 K, the highly ordered graphene surface recovered,
and LEED measurements both at 15 eV and 74 eV show sharp diffraction spots
of ordered graphene surface again (Figure 4e and 4f).

The chemical identification of the implanted species was performed with Al
Ka (hw=1486.6 eV) XPS, as displayed in Figure 4g. In order to exclude the
influence of the sputter-cleaning process, the Ru(0001) crystal is sputter-cleaned
by several cycles of Ne™ ions. In Figure 4g, the green line shows no Ar signal
on pristine graphene surface. The blue curve nicely displays the Ar 2p peaks,
indicating the formation of Ar nanotents between the graphene monolayer and
Ru(0001) substrate. When the Ar implanted graphene sample is annealed to
1000 K, Ar nanotents disappear from the surface, and some regular 2 nm voids
appear within graphene layer due to so-called ”can-opener” effect, which will be
described later. Intriguingly, XPS indicates no significant intensity decrease of
the Ar 2p peaks, as shown in the red curve in Figure 4g, and the core level of Ar
2p3 /2 (241.9 eV) shifts towards lower binding energy by 50 meV upon annealing,
which is at variance to the h-BN situation. For annealed h-BN/Ar/Rh(111),
the core level binding energy of Ar 2p3,; increases 300 meV to higher binding
energy [I]. The difference between h-BN and graphene might owe to the struc-
ture difference and the different interactions between h-BN with Rh(111), and
graphene with Ru(0001).

From the XPS atomic ratio of argon and carbon, we determine a coverage
of 3 Ar atoms per 11x11 super cell. A similar ion dose shows a nanotent of
0.4 protrusions per super-cell. This indicates that for this relatively large Ar
dose, the protrusions may host more than one Ar atom. The above findings
are in line with angular resolved photoelectron spectroscopy (ARUPS) as well
(Figure 4h), where the ¢ band at 5.9 eV and the 7 band at 10.0 eV of graphene
are influenced by the Art exposure. The intensity decreases and the graphene

related peaks broaden. Interestingly, the o band shifts to higher binding energy
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(from 5.9 eV to 6.6 eV) while the 7 band shifts in the opposite direction, i.e., to
lower binding energy (from 10.0 eV to 9.7 eV). Surprisingly, the intensity and
width of these two bands recover after annealing an implanted graphene surface
to 1000 K. The positions of the peaks get restored as well, which indicates the
disappearance of the nanotents from the surface.

To better understand the Ar™ ion implantation, DFT calculations based on
the Gaussian and plane wave (GPW) formalism [42], [43] were performed. We
used a slab model consisting of six Ru(0001) layers terminated by one carbon
monolayer. The lateral dimensions correspond to 11x11 units of the hexagonal
2D lattice of Ru(0001), with lattice constant of 0.2718 nm. A 12 x 12 graphene
layer is positioned on one side of the slab, in order to reproduce the unit cell
of the moiré pattern. Periodic boundary conditions are always applied. The
optimization of the structure leads to the corrugation of the initially flat and
stretched (a = 0.249 nm) graphene layer. In agreement with experiment, we
observe the formation of the triangular shaped hill, where (C4,Cp)=(hcp,fcc),
surrounded by the lower valley region, where one C atom per pair is atop. Fig-
ure 5¢ shows the top view of the periodically replicated g/Ru moiré structure
together with the Tersoff-Hammann (TH)[44] simulation of the STM image,
as calculated for a bias potential of -1eV. As the color map indicates, the hill
maximum (green) is about 0.14 nm higher than the bottom of the valley region
(hep, blue). The profile of the TH iso-current surface taken along the displayed
dashed line is reported in Figure 5b (top panel). It reproduces the height mod-
ulation running over the different registries, hep, fce, and atop, i.e., going from
the valley region, where the C atoms strongly interact with the substrate, to
the hill.

Starting from the optimized g/Ru structure, Ar has been added at three
different initial sites between graphene and Ru(0001), to simulate the implanted
g/Ar/Ru(0001) system. The Ar atom can be easily stabilized beneath the hill
region. The resulting graphene pattern is almost unchanged with respect to the
bare g/Ru, but for the increased height of about 0.1 nm of the hill maximum.

A 3D overview of the replicated unit cell of the implanted moiré structure, with
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Ar at the hill site, is shown in Figure 5a. The corresponding top view and
simulated STM are in Figure 5d, while the profile of the iso-current surface
along the diagonal is reported in the middle panel of Figure 5b. The Ar atom
occupies a fcc site, i.e., directly under the central C atom of the hill. The
total energy difference (implantation energy) with respct to the bare moiré
structure plus one Ar atom in vacuum, is AE = +3.13 eV per unit cell. Hence,
Ar is trapped in a metastable state, corresponding to a local minimum of the
additional strain in the graphene layer and the substrate. The energy loss due
to the g/Ru modification, AE,,g,,, amounts to 1.36 eV, of which 1.25 eV is the
energy cost for the additional strain in the graphene layer, AE,. By inserting
the Ar atom at the fcc region, it moves to a fcc site, i.e., just below the center
of a C-ring in the center of the fcc area. The presence of Ar generates a up-
lifting of part of the layer, which results in a second and higher protrusion
in the simulated STM image, as shown in Fiugure 5b (bottom) and 5e. The
larger implantation energy AE = 43.90 eV can be explained due to substantial
deformation of the g/Ru system, AE,/r, = 1.90 eV. We notice that, at this site,
the implantation also reduces the attractive interaction between the substrate
and graphene. Finally, according to the DFT model, the implantation beneath
the hep region further destabilizes the system, because affects even more strongly
the binding of graphene to the substrate. It has to be taken into account that the
limited size of our model implies the presence of one implanted Ar atom per unit
cell. The Ar atom moves away from the hcp area towards the fcc region, until
it stops at one fcc site similar to the one described above (see Figure 5f). The
larger AF of 4.30 eV is explained by the larger loss in attractive energy between
graphene and Ru, since the graphene strain energy AFE, is approximately the
same. These results are summarized in Table [l

Remarkably, annealing of the implanted g/Ar/Ru(0001) system to 1000 K
provokes a peculiar response: the Ar nanotents disappear from the graphene
surface, highly regular voids with 2 nm diameter form in the monolayer, and
some cut-out flakes appear on the surface. Figure 6 shows a g/Ru(0001) sample

2

exposed to a sputter charge density of 350 nC/cm? after annealing to 1000 K.
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Table 1: DFT results on the Ar implantation: minimum Ar-C distance d,,;», and peak-to-
peak height difference computed from the TH iso-current surface are reported in nm. The
implantation energy AFE and its portion due to the structural change of the entire moiré,

Ay /Ry or of the graphene layer only Ag, are reported in ev.

Sys. | dpin(Ar-C) AE  AE,p, AE, THAh

hill 0254 313 136 125 0.4

fec 0273 390 190 263  0.22
hep—fec | 0273 430 220 259 0.22

No Ar nanotents can be observed, though 1.5 % of the hills map dark, and some
large brighter flakes appear on the surface. We assign the flakes near the 2 nm
voids to the cut-out from the hill sites during the annealing process, similar to
a "lid” cut from a tin can, which lead us to call the formation process ”can-
opener” effect [I]. The cutting temperature is well below the one of g/Ru(0001)
disintegration of 1700 K [20]. Figure 6b is the zoom-in image of the white square
in Figure 6a, which displays the four cut-out hill sites on the surface. To explore
the origin of the ”can-opener” effect, the pristine g/Ru(0001) is annealed to the
same temperature 1000 K. However, no such effect is observed. Therefore the
”can-opener” effect must be related to the active species which are introduced
by ion exposure.

It is noticed from Figure 3d and 3e that the ion bombardment leads not
only to nanotent formation, but also generates vacancy defects, i.e., knock out
of carbon atoms from the graphene monolayer. At elevated temperature, these
vacancy defects are expected to become active and even mobile. We discussed
in a previous work the case of h-BN/Ar/Rh, where they diffuse and assem-
ble at the rim of the nanomesh pores due to the minimum energy costs there,
leading to a similar ”can-opener” effect at 900 K [3I]. For g/Ar/Ru, the re-
quired temperature to observe the ”can-opener” effect is 1000 K, i.e., higher
than the temperature needed for the h-BN/Ar/Rh system. This indicates that

the interactions between graphene and Ru(0001) substrate are stronger than

10
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the ones between h-BN and Rh(111). This can be associated to the differ-
ent o-bond and element specific m-bond strength characterizing these two sp?
monolayer /substrate systems. Additionally, this also suggests that the forma-
tion energy of defects within h-BN and graphene, as well as their preferential
locations are different. The data in Figure 6 reveal that the cut-out takes place
at the edges of the hill site, where the carbon atoms bridging between weakly
bound-to-substrate and strongly bound-to-substrate area combine. In other
words, the defects start to agglomerate at the edges of the hill site and finally
become abundant enough there and lead to the ”can-opener” effect. This re-
sults in the cut-out of the hill site, as displayed in the atomic resolution STM
image in Figure 6¢c. It displays an annealed implanted graphene surface with
a cut-out hill site, which maps darker. Scanning tunneling spectroscopy (STS)
measurements (not shown here) indicate that the darker region with hexagonal
lattice is Ru(0001) substrate. The image line profile in Figure 6d follows the
white line in Figure 6¢ and illustrates the height difference of the normal hill
site and the Ru substrate. The curved features of Ru atoms is owing to the
finite sharpness of the tip.

Of course, the procedure of ion implantation and subsequent annealing can
be repeated on the same g/Ru(0001) surface. This will lead to an accumulation

of 2 nm voids within a graphene monolayer.

Conclusions

In conclusion, the controlled formation of nanotents and regular 2 nm voids
at specific sites of graphene monolayer on a Ru(0001) substrate is reported. At
room temperature, nanotents are stable beneath graphene monolayer. Anneal-
ing treatment of implanted graphene surface induces the ”can-opener” effect,
that is, cutting out of the hill flakes and form 2 nm voids within a single layer
of graphene. Systematic measurements reveal that the nanotent formation and
”can-opener” effect are well-controlled and repeatable processes. These results

pave the way to practical applications of graphene, such as gasfiltration, desali-

11
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nation and water purification.

Methods

Ezperimental

The experiments were performed in two ultrahigh-vacuum (UHV) systems
with base pressure of 1x107'° mbar. One is a variable-temperature scan-
ning tunneling microscope (Omicron VT-STM), and the other has a room-
temperature STM (Park Scientific) and low energy electron diffraction (LEED)
combined with photoemission on the same sample[d5], 46]. The STM measure-
ments were carried out with electrochemically etched tungsten tips. All STM im-
ages were taken in constant-current mode at room temperature. The graphene
samples were produced with the standard recipe [23], though the samples for
the photoemission experiments were cleaned with Ne™ ion sputtering. The ion
implantation was achieved with a Specs IQP 10/35 Penning type ion sources
run at lowest acceleration potential. The sputter charge density corresponds to

the integrated sputter current density.

Theory

Calculations are performed using KohnSham DFT within the the GPW for-
malism as implemented in the Quickstep module in the CP2K program package
[47, [48]. Dual-space pseudopotentials [49] are used to describe the interaction
of valence electrons with atomic cores. The pseudopotential for carbon assume
4 valence electrons, and for Ru 8 valence electrons. The GPW scheme is based
on the expansion of the molecular orbitals with contracted Gaussian basis func-
tions, whereas the auxiliary plane wave basis set is applied for the solution of
the Poisson equation in the reciprocal space. We use a cutoff of 500 Ry for
the plane wave basis set and sample the Brillouin zone at I' only. Exchange
and correlation are calculated with the Perdew-Burke- Ernzerhof (PBE) GGA
exchange-correlation functional. Corrections for the dispersion interactions are

introduced following the DFT-D3 formalism [50].

12
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Distance (nm)

Figure 1: Room-temperature STM images of g/Ru(0001). (a) Large-area image
(190x 190 nm?) of pristine g/Ru(0001), U = -1.20 V, Iy = 0.50 nA. The inset in (a) is atomic
resolution STM image. The black frame represents the unit cell of graphene, containing one
hill. It includes three regions: the most highest (bright) hill region (atop), the mediate region
(green, fcc) and the lowest (dark) region (blue, hep). (b) Zoom-in of (a) (28x28 nm?) showing
the hexagonal structure of graphene. The bright protrusions are hill sites. Uy =-1.20 V, I;=
0.10 nA. (c) Cross-section along the white line in (b), which passes three atop regions (red),

two fcc (green) and two hep (blue) regions.
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Figure 2. LEED patterns and XPS of g/Ru(0001). (a) LEED patterns of clean
Ru(0001) surface. The electron energy is 75 eV. (b) LEED pattern of pristine g/Ru(0001)
surface. The dark substrate spots are surrounded by the satellites spots, which shows hexag-
onal structure of the graphene monolayer. Electron energy is 80 e€V. (c) Normal emission Al
Ka (hw=1486.6 €V) XPS of clean Ru(0001) (pink), g/Ru(0001) (green) and their differences
(black), showing the core binding energy levels of the Ru 3d5/2 and Ru 3dg/5. Clearly, the
graphene formation on Ru(0001) lows the two Ru 3d peaks. The difference which is multi-
plied by a factor of four for clarity, indicates an additional peak at around 286 eV, which

corresponds to the C 1s core level of a graphene monolayer.
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Figure 3: Room-temperature STM data of ion-implanted Ar below
g/Ru(0001). (a) STM image (60x114 nm?) of clean g/Ru(0001), Us= -1.10 V, I; = 0.50
nA. (b) Large-scale image (190x 190 nm?) with Ar induced protrusions, Uy = -1.20 V, I;= 0.50
nA. (c) Zoom-in of (b) (47x47 nm?) showing the Ar protrusions locate at different regions
within graphene unit cell. U; = -1.20 V, I;= 0.20 nA. (d, e) Atomic-resolution STM current
and topography images demonstrating Ar to be implanted beneath the graphene monolayer.
The protrusions marked with blue circles are caused by interstitial Ar, and the pink circles
indicate vacancy defects generated by the Ar penetration. 14x14 nm?, Uy = -1.10 V, I;=
0.20 nA. (f, g) Cross-section along the two white lines in (e). The line (f) passes an occupied
fce site, an empty hep site, an occupied atop site and an empty atop site, while the line (g)

indicates two vacancy defects (pink arrow), an occupied and an empty atop site.
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Figure 4: LEED patterns and corresponding photoemission spectra of
g/Ar/Ru(0001) before and after annealing to 1000 K. (a-f) LEED patterns
of pristine graphene (a, b), Ar implanted graphene (c, d) and aannealed implanted graphene
to 1000 K (e, f). The electron energies are 15 eV (a, c, €) and 74 eV (b, d, f). The LEED
pattern of implanted graphene at 15 eV demonstrates an obvious weakening of the hexagonal
pattern compared to the pristine graphene. (g) Al Ka (hw=1486.6 V) XPS of Ar 2p core
levels for pristine g/Ru(0001) (green), Ar implanted (blue) and after annealing (red). The Ar
2p3/2 binding energy of 241.9 eV shifts by 50 meV upon annealing, though the intensity is
unaltered. (h) Normal emission UPS (hw=21.2 €V) spectra of pristine g/Ru(0001) (green), Ar
implanted (blue), and after annealing (red). BIg: blue spectrum features a distinct broadening
and intensity decrease of the o and 7 bands. The peaks recover after annealing to 1000 K.

The curves are vertically offset for clarity.
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Figure 5: Density functional theory results on the Ar implantation. (a)
Overview of the g/Ar/Ru(0001) structure with one Ar atom at the hill site. (b) Profile
of the TH iso-current surface calculated along the diagonal of the moiré unit. The TH STM
topography has been obtained with a bias potential of -1 eV and for a density of 103 e¢/nm3.
(c-f) Top view of the optimized structure and of TH STM topography obtained for the four
studied systems: bare g/Ru (c), implanted g/Ar/Ru with Ar at the hill region (d), implanted
g/Ar/Ru with Ar at the fcc region (e), and implanted g/Ar/Ru with Ar starting from the hep

region and moving to the fcc region (f).
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Figure 6: ” Can-opener” effect after annealing of g/Ar/Ru(0001) to 1000 K.
(sputter charge density 350 nC/cm?) (a) Large-scale STM image (190x190 nm?) showing 2
nm voids at atop sites. The bright flakes correspond to the cut-outs. Uy = -1.00 V, I; = 0.50
nA. (b) Zoom-in (46x46 nm?) of the white frame in (a) shows the regular graphene surface
with four 2 nm voids. (c) High-resolution image (zoom-in image of the white frame in (b))
showing a void and the Ru atoms in this void, 8.8x8.8 nm?, Uy = -1.00 V, I; = 0.50 nA.
(d) Cross-sectional profile along the white line in (c), illustrating the size of the void and the
height difference between the void and the Ru substrate. The curve features of Ru atoms

within the void is due to the tip effect.
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