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ABSTRACT Hyperthermal atoms may be implanted beneath
single layers of graphene or hexagonal boron nitride (h-BN) on a
substrate. For the case of h-BN on rhodium, which is a corrugated
honeycomb superstructure with a periodicity of 3.2 nm, Ar atoms
are implanted at distinct interstitial sites within the supercell, where
the h-BN is weakly bound to the substrate. These peculiar structures

are reminiscent of “nanotents” with an ultimately thin “rainfly”.

Here we explore the implantation length (i.e., the distance the

atoms move before they come to rest as interstitial defects) and the thermal stability of these atomic agglomerates above room temperature. The results

are obtained by variable-temperature scanning tunneling microscopy and density functional theory calculations.
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tomically thin layers of graphene' or

hexagonal boron nitride (h-BN)? on

metal surfaces have been exten-
sively studied in recent years. These single
layers consist of either carbon or boron
nitride units and are studied in view of molec-
ular self-assembly,>~7 charge transfer,®® or
intercalation.®™'® Importantly, such sp?
monolayers that are formed by chemical
vapor deposition (CVD) or segregation pro-
cesses on a variety of substrates®?'"16720
exhibit superstructures with lattice con-
stants up to a few nanometers.

For structuring or self-assembly processes
on such monolayer systems, it is crucial to
control the position of the atoms or molecules,
ideally at room temperature. For this purpose,
ion beam irradiation®' has proven to be an
efficient method, which can generate a variety
of features, such as self-organization,? engi-
neering of nanostructures,”> quantum size
effects,* magnetism in the graphene
sheet,?>?8 site-selective etching,?” or hillock
formation, if highly charged ions are
applied.”® Recently, Standop et al. reported
defect patterns on graphene/Ir(111) after
ion beam bombardment.?® By applying
5 keV Xe™, they found that the ions are
channeled between graphene and the Ir
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substrate, leading to chain formation of
vacancy clusters. However, 5 keV Xe* ions
may produce a variety of different struc-
tures. One approach to control this variety is
to reduce the ion energy. For this purpose,
low energy ions close to the penetration
threshold (on the order of 100 eV) are better
suited.

In previous work, we reported that Ar
atoms may be immobilized beneath a single
layer of h-BN on Rh(111) or graphene on
Ru(0001), and highly regular holes with
2 nm diameter within the h-BN layer can
be induced upon annealing, which are likely
related to the vacancy defects from the
penetration process.®® It was found that
the immobilization occurs at distinct sites
beneath the “wire crossings” (WXA and
WXB, for which we refer in this paper briefly
as A and B sites) of the h-BN nanomesh
superhoneycomb. Here, we show on the
implantation length (i.e., the distance that
Ar atoms move after penetration through
the h-BN monolayer before they come to
rest in “nanotents”) and on the thermal
stability of these artificial structures. The
occupation ratio between the two distinct
sites A and B depends on the ion dose and
the annealing temperature. The annealing
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Figure 1. STM data of ion-implanted Ar beneath the h-BN/Rh(111) nanomesh at room temperature. (a) Three-dimensional
STM image of one Ar nanotent (red-yellow peak). The green and blue regions represent wires and pores of the nanomesh,
respectively. (b) STM image (38 x 38 nm?) showing the selective Ar implantation: Ar locates at two distinct sites beneath
nanomesh wire crossings (labeled as A (dark blue circle) and B (light blue circle)) but not in the pores (P). The bright
protrusions are Ar clusters. The hexagon represents the honeycomb supercell, also shown in the bottom-right inset.
Uy=—1.10V, l;=0.10 nA. (c) Cross-sectional profile along the white line in panel b. A pore, an occupied B site, an empty A site,

and another pore are indicated.

process increases the nanotent volume and indicates
Ar clustering, where nanotents at A sites are more
stable. Furthermore, we present data of Ar diffusion
between h-BN and the Rh(111) substrate obtained by
scanning tunneling microscopy (STM) at variable tem-
peratures and density functional theory (DFT) calcula-
tions. These results are important for the understanding
of the thermalization and diffusion, and will eventually
allow further functionalization of sp” layer systems.

The h-BN nanomesh is a corrugated single layer of
hexagonal boron nitride reminiscent of a honeycomb
superstructure.' It forms by high-temperature CVD of
borazine on the Rh(111) surface. The lattice constant of
3.2 nm is determined by the mismatch between the
boron nitride and Rh. The unit cell of the h-BN nano-
mesh consists of 13 x 13 BN units on 12 x 12 Rh atoms.
This appears as a mesh shape with “pores” of about 2 nm
diameter and surrounding weakly bound “wire” regions
with a larger h-BN distance to the substrate3'>?

RESULTS AND DISCUSSION

Figure 1 shows STM data after exposing the h-BN
nanomesh to low energy Art ions. The ions penetrate
the h-BN monolayer and stop below the h-BN layer but
above the Rh(111) surface. They appear as bright
protrusions with certain heights, such as the red-yellow
peak in the three-dimensional (3D) view of implanted
Ar beneath the h-BN monolayer in Figure 1a. The STM
topography image in Figure 1b displays Ar protrusions at
room temperature. These protrusions emerge after ion
exposure and can be observed at positive and negative
tunneling voltages. They are stable at room temperature
and also survive exposure to air. Interestingly, the im-
plantation process shows a pronounced selectivity: Ar
atoms do not rest in pore sites (P) of the h-BN nanomesh
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but are situated beneath the wires, particularly where
wires cross. Based on STM and DFT calculations of the
atomic structure of the h-BN nanomesh on Rh(111),3'333*
the honeycomb superstructure exhibits two different
wire crossing sites. They are given by the different registry
to the Rh(111) substrate: one site with boron on top of
a Rh atom and nitrogen at hexagonal close-packed (hcp)
hollow sites (i.e., B-top, N-hcp) and another one where
boron stays at hcp hollow sites and nitrogen at face-
centered cubic (fcc) sites, namely, (B-hcp, N-fcc). The
different registries of h-BN on Rh are responsible for the
modulation of the electronic properties, which is well-
recognized by the modulation in brightness of the
simulated STM topography.®® This calculated result is
consistent with experimental STM topography data of
the nanomesh, which shows one wire crossing site to
be slightly brighter (higher) than the other one (see
Figure 10).3%%" The higher site (B-top, N-hcp) is labeled
as A site (short for WXA, dark blue circle in Figure 1b), and
the (B-hcp, N-fcc) site is named B site (short for WXB,
light blue circle in Figure 1b). After ion exposure, Aand B
sites are populated with distinct probabilities, which
depend on the ion beam parameters such as the ion
dose, energy, impact angle, and the sample tempera-
ture. The hexagon imposed in Figure 1b represents the
superhoneycomb unit cell of h-BN/Rh(111) with distinct
regions that differ in registry, such as pores (P) and wires
(A and B), which are displayed in the bottom-right inset.
The image line profile in Figure 1c displays the height as
measured from the bottom of the nanomesh pore along
the white line in panel b. The cut passes through a pore,
an Ar protrusion (nanotent) at a B site, an empty A site,
and another pore of the nanomesh.

Figure 2 illustrates the correlation between the
protrusion site ratio Ng/Na = pga Of Ar nanotents and
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Figure 2. Adsorption site-selectivity modified by implanted
Ar coverage at room temperature (RT). (a,b) Large-area
RT-STM topography images (190 x 190 nm? at low (a,
0.06 Ar protrusions per nanomesh unit cell) and high (b, 0.61
protrusions per unit cell) coverage of implanted Ar beneath
h-BN on Rh(111).(a) U;=1.00V, I,=0.02 nA. (b) U, = —1.10V,
I, =0.10 nA. The curve in c displays correlation between the
Ng/Nj ratio pga and the initial nanotent coverage © at room
temperature. Implanted Ar shows distinct selectivity at low
coverage (the A site is favorable). The STMimagesinaand b
are the data points | and II; Ill corresponds to data in ref 30;
IV is the starting condition of the data in Figure 3.

the average number of nanotents per nanomesh unit
cell (i.e., coverage ®). Figure 2a shows a room tem-
perature large-area STM image at low Ar coverage after
exposure to low energy Ar' ions corresponding to a
sputter charge density of 4.4 x 10'" e/cm?. One bright
protrusion represents one nanotent housing one or
more Ar atoms. We count 0.06 protrusions per 12 x 12
Rh unit cell, where 71 £ 7% of the protrusions are at A
sites. The ratio is compared to a sample with higher
nanotent density in Figure 2b. It displays 0.61 protru-
sions per nanomesh unit cell after exposure to a
sputter charge density of 4.9 x 10'? e/cm?. It shows
53 + 3% of Ar nanotents at A sites. In order to
investigate the relationship between the initial protru-
sion site ratio pga and the Ar coverage, a series of
samples with different Ar exposures were prepared,
and the corresponding Ng/N, ratios pga were deter-
mined according to the room temperature STM data.
Figure 2c demonstrates the coverage dependence of
the initial protrusion ratio pga at room temperature. It
contains significant information on the thermalization
process during Ar implantation and clearly shows that
Pea increases with increasing Ar coverage. At low Arion
exposure, the A site is favored, and most of the Ar
atoms thermalize at A sites, as shown in Figure 2a and
the data point | in Figure 2c. For higher Ar exposure, Ar
also gradually populates B sites (Figure 2b and the data
point Ilin Figure 2c). Our previously reported work with
Ar nanotent coverage of 0.2 protrusions per unit cell is
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the data point marked with Ill in Figure 2c. Clearly, the
plot of the ratio pga indicates that the selectivity of Ar
atoms decreases at higher Ar exposure. When the Ar
nanotent coverage increases, the ratio pga grows and
approaches approximately 0.9 at the highest Ar doses
applied. For Ar nanotent coverages between 1 and 2
protrusions per unit cell, the periodic structure of
nanomesh gets lost.

The Ng/N, ratio pga dependence on the coverage
suggests that the Ar atoms do not stick at their impact
site but move further beneath the surface before they
come to rest at an A or at a B site. For the limit of zero
coverage, when few Ar nanotents are distant and do
not interact with each other, pga is minimal, which is in
line with the theoretical picture that predicts interstitial
vacancy formation energies of +2.7 and +3.5 eV with
respect to a pristine nanomesh, respectively30 (note
that the energy values were incorrectly given as +2.6
and +3.7 eV in ref 30).

Empirically, the data in Figure 2c are fitted to a
function

Pea(®) = po+ ol —exp( —©/0)) m

where we find a zero coverage limit po of 0.12 +0.10, a
factor o of 0.8 &+ 0.1, and a critical coverage ©. of
0.12 &+ 0.04; po is related to the energy difference be-
tween singly occupied A and B sites AEgs of 0.8 eV.
Setting po = exp(—AEpa/kgTerr), We get from the
Boltzmann factor an effective temperature T on the
order of 4400 K. Such hyperthermal energies are
expected to have a significant impact on the resulting
structures. The fact that o is larger than zero indicates
that the interaction of an incoming Ar ion must also
influence the already implanted atoms and lead to a
redistribution of the nanotent locations. ©®. contains
information on the interaction cross section of the Ar
atoms upon implantation, that is, a measure on how far
the atoms move and interact in order to dissipate their
energy after penetration of the h-BN layer. This cross
section is reflected in the area 0. to find a single
protrusion at the critical coverage (0. = 1 protrusion/
O, = 8.3 nanomesh unit cells). From /o, we get an
“effective thermalization path length” between pene-
tration and immobilization of about 8.6 nm. These
considerations are reminiscent of the seminal work of
Brune et al., who reported surface migration of “hot”
adatoms after O, dissociation on an Al(111) surface,
where they could infer from the observation of the
distance between single oxygen atoms an energy
dissipation path length longer than 8 nm.2®> Our anal-
ysis for the present case is another confirmation on
how strong the atomic friction can be, and that STM
allows access to this kind of dynamics by observation
of the impact patterns.

Figure 3 shows the thermal history of a sample with
an initial coverage © of 0.15 protrusions per nanomesh
supercell. The sample has been investigated during
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Figure 3. Long-term thermal history of a sample at temperatures between 300 and 460 K. (a) Evolution of an initial protrusion
coverage O of 0.15 protrusions per unit cell (data point IV in Figure 2c). The coverage O (solid squares) and the Ng/Nj ratio pga
(open squares) decrease with time and temperature. (b) Temperature history for the whole process. The inset shows the
disappearance rate I'y of the Ar protrusions as a function of reciprocal temperature. The color code of the symbols
corresponds to the time. (c,d) STM images (80 x 80 nm?) measured at 325 and 391 K. The Ar protrusions decrease in
number while they enlarge in size with increasing temperature. (c) Uy = —1.10V, [ =0.10 nA. (d) U; = —1.10 V, /; = 0.10 nA. (e)
Height distribution of the nanotents in c (blue) and d (red). The height is measured from the top of the wires of the h-BN

nanomesh.

1 month with scanning tunneling microscopy at
variable temperatures. Each data point represents an
individual area of the sample surface since the thermal
drift in our instrument does not allow for the tracing of
an individual protrusion in a temperature window that
exceeds AT =15 K. Clearly, the coverage (solid squares)
decreases in parallel with a shift of pga (empty squares)
with time and temperature. This indicates a redistribu-
tion driven by a thermally activated process (Figure 3a).
In order to estimate an activation energy E, and a
prefactor v, we apply first-order kinetics

dN = —Nvexp( —E,/kgT)dt (2)

where dN of N protrusions disappear in the time
interval dt. N(t) is the number of protrusions at time
t, E, is the activation energy, and v is the attempt
frequency. Evaluation of the disappearence rates I'y =
vexp(—E,/kgT) in Figure 3aresultsin E;,=0.28 £ 0.13 eV
and an attempt frequency range v of 0.2 x 10¥2 577,
with an anticorrelation between the In(I'y) and the
1/T values of —0.67. First of all, this confirms the
stability of the immobilized Ar atoms at room tem-
perature, where we find for a given protrusion a
disappearance rate below 1/8 per day. Furthermore,
the low attempt frequency indicates that the kinetics
cannot be described with a single elementary process
that involves the activation of a single atom, where the
attempt frequencies are on the order of molecular
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vibration periods of 107 "% s7'.3® The rearrangement
of the Ar nanotents is thus a complicated kinetic pro-
cess because many different elementary processes
may occur at the same time and superimpose in the
overall picture that is obtained by counting and assign-
ing the protrusion density and pga as a function of
temperature and time. However, the decrease of pga
confirms again higher stability of A sites, as it was
found for single atom protrusions by density functional
theory.>°

Observing a decrease of the number of nanotents,
we have to address the question on where the Ar goes.
Figure 3¢, d show STM images recorded at 325 and
391 K for the same sample with initial Ar coverage ® of
0.15 protrusions per unit cell (data point IV in Figure 2c).
The number of Ar protrusions decreases, while the
height (or the volume) of the protrusions gets signifi-
cantly larger with increasing temperature (Figure 3e).
According to the calculations of implantation energy of
individual Ar atoms and Ar clusters,3° the implantation
energy cost per Ar atom decreases with increasing
cluster size, which predicts Ar to cluster in the nano-
tents. The cluster size is determined by the Ar exposure
and the annealing temperature. The more Ar that is
trapped within a protrusion, the higher the protrusion
gets. Figure 3e confirms Ar clustering, where between
325 and 391 K the average Ar protrusion height (here
measured from the top of the wires) increases from
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Figure 4. Three “hopping” events as observed on the h-BN/Ar/Rh(111) surface between 300 and 391 K. (a—h) Taken during
continuously scanning under same scanning conditions: U, = —1.10V, I, = 0.10 nA. Panels a and b show the disappearance of
an Ar nanotent at a B site with height of 0.17 nm at 363 K (marked as a white square): 20 x 20 nmZ. The time interval ofaand b
is 75 s. (c,d) Appearance of an Ar nanotent at A site with a height of 0.14 nm at 337 K (white square): 16 x 16 nm? The time
interval between cand dis 75 s. (e—h) Hopping of an Ar nanotent at a B site and disappearance of a nanotent at an A site, both
with height of 0.08 nm at 363 K (white rectangle). The nanotent at the B site hops to an adjacent A site and then hops further
to another B site until it disappears, while the nanotent at the A site stays at the same position until it disappears:
20 x 20 nm?. The time intervals between e and f, f and g, and g and h are 300, 450, and 1350 s, respectively.

0.17 to 0.21 nm. This is in line with the picture that the
Ar atoms of the disappearing protrusions join other
nanotents and is further supported by X-ray photo-
electron spectroscopy (XPS) that indicated no Ar 2p
signal decreases upon annealing to 900 K.*°

The kinetics shown in Figure 3a signal no simple
diffusion behavior that would correspond to the hop-
ping of individual Ar atoms with a single diffusion
barrier. This makes the observation of Ar diffusion
difficult. However, we have been able to observe three
different classes of events of individual Ar protru-
sions: disappearance (see Figure 4a,b), appearance
(Figure 4c,d), and hopping from one site to another
(Figure 4e—h). Careful investigations have been carried
out on the same sample. The temperature was ramped
up slow enough to carry out simultaneous in situ STM
measurements. The different kinds of events occur on
the surface in the temperature window between 300
and 391 K. Out of all events, the most prominent effect
is the disappearance of protrusions, which corre-
sponds to more than 50% of all registered events. A
similar phenomenon had been observed for the gra-
phene/Xe/iridium system.?® In that case, the effect was
assigned to the melting of Ir clusters, that is, bright
protrusions produced by 5 keV Xe' scattering on
graphene/iridium. However, the fact that the second
most prominent eventis the appearance of protrusions
(30%), as shown in Figure 4c,d, excludes a model of
melting Rh clusters for our system. Besides the proof
that the protrusions are caused by a foreign species
(Ar"),3° the appearance of protrusions is a complex
process; in particular, we cannot exclude that the
protrusions appear from outside of the scan area.
Finally, the hopping from one wire crossing site to
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another along the nanomesh is observed only for the
smallest protrusions based on a series of in situ variable-
temperature (VT) STM data, as shown in four frames in
Figure 4e—h. Obviously, the height of “hopping” Ar
protrusions is smaller than the normal surrounded Ar
protrusions (0.08 and 0.14 nm, respectively).

Figure 5 summarizes the DFT results for the diffusion
of a single Ar atom between an A and an adjacent
B site and the energies of two Ar atoms at one or two A
and/or B sites (see Table 1). The diffusion path has been
calculated using the nudged elastic band method,*”
where 48 configurations have been evenly distributed
between the A and B stable states. Figure 5a is a 3D
view of the average coordinates of the 48 calculated
beads, where it appears how the Ar atom has to “dig” a
“tunnel” in order to diffuse, by displacing outward the
closest BN pairs. A sketch of an extended path is shown
in Figure 5b, where the coordinates of the nanomesh
supercell have been projected onto the surface and
the path followed by the Ar atoms is shown as a thick
line. The color of the line refers to the energy of the
corresponding configuration (Figure 5¢). It is observed
that the diffusion path meanders via boron at top sites
between A and B. Figure 5c displays the energy of a
single Ar atom on the diffusion path between an A and
a B site in the superhoneycomb. The calculations give
an energy difference between the two sites of 0.8 eV.
This difference is mainly due to the different coordina-
tion of the h-BN with respect to the boron and metal
sites, which favors the (B-top, N-hcp) coordination of
the A sites above the (B-hcp, N-fcc) coordination of the
B sites. The fact that the confined Ar likes to coordinate
to the boron atoms, with lower electron density, is con-
firmed also by the choice of intermediate sites along
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Figure 5. Calculated potential energies for one and two implanted Ar atoms. (a) Three-dimensional view of the average of the
atom coordinates of an Ar atom diffusing between an A and a B site. The color coding of the nanomesh mimics the color code
in Figure 1a. (b) Lateral coordinates of the boron (orange dots), nitrogen (blue dots), and rhodium (black circles) in the
nanomesh superhoneycomb. The black to red line indicates the diffusion path between A and B. (c) Ar energy along the path
shown in b. One Ar atom is most stable at an A site. (d) Diffusion energy tree for processes involving two Aratoms at A and/or B
sites. The configurations of B+B, A+B, A+A, AB, B2, and A2 are indicated by the pictograms. The energies are given in Table 1.

Possible single hopping pathways are indicated with lines.

TABLE 1. Calculated Formation Energies of Different
Nanotent Configurations with One and/or Two Ar
Atoms at A and/or B Interstitial Sites, Relative to the
h-BN Nanomesh and Free Ar Atoms in eV*

B+B A-+B A+A AB B2 A2

7.06 6.21 5.36 6.14 5.05 an

“The B-+B, A-+B, and A++A configurations are the sum of two single nanotents. AB
is the energy of two neighboring nanotents in the same unit cell. B2 and A2 are the
most favorable doubly occupied tents.

the path. The lowest energies are always associated
with sites beneath boron atoms. On the other hand,
the highest transition state corresponds to a site where
Ar is beneath a nitrogen atom. Moreover, the calcula-
tions show that a single Ar atom is metastable at B site
but “protected” by several low energy barriers on the
way from B to A. These barriers are on the order of
100 meV, and thus much smaller than the global barrier
value of about 300 meV obtained from the data in
Figure 3. We therefore propose that the thermal pro-
cesses that we observe above room temperature are
mainly due to Ar cluster rearrangements, involving
more than one atom. Figure 5d supports this picture.
It shows the energy hierarchy of two argon atoms in
one or two different nanotents. These six configura-
tions are labeled as B+B, A+B, A+A, AB, B2, and A2,
where B+B labels two nanotents at two noninteracting
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B sites housing one Ar atom each, etc. This diagram
is instructive and shows that A2 is most stable and
requires an activation energy of 1.93 eV in order to
dissociate into AB. This AB state must also be
reached for B2 and possibly A+A in order to obtain
Ar hopping. The activation energies for these two
processes are 1.09 and 0.85 eV, which also demon-
strates the higher stability of B2 as compared to
A+B. It is interesting to note that the calculations
also indicate an attractive interaction between two
neighboring single nanotents since the AB energy is
0.07 eV lower than that of two noninteracting
protrusions A+B.

For higher numbers of Ar atoms, the diffusion tree as
shown in Figure 5d becomes more complex, though
the basic idea remains, that is, the preference for
clustering at A sites.

CONCLUSIONS

In conclusion, the specific site-selectivity, implanta-
tion length, and thermal stability of single atoms
immobilized beneath a 3.2 nm honeycomb super-
structure of a boron nitride single layer on an Rh
substrate is reported. The adsorption site-selectivity
can be controlled by the ion exposure and the sam-
ple temperature. At low coverage, Ar implantation
shows distinct selectivity. In situ variable-temperature
measurements reveal that Ar nanotents decrease in
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number while growing in size significantly upon an-
nealing treatment, even though the total amount of Ar
remains the same. The reported effect provides a way

METHODS

Experimental. The experiments were performed in an ultra-
high vacuum (UHV) system with a base pressure of 1 x 10710
mbar with a variable-temperature scanning tunneling micro-
scope (Omicron VT-STM). The h-BN nanomesh samples were
produced with the standard recipe.'® The ion implantation was
achieved with a Specs IQP 10/35 Penning-type ion source run at
lowest acceleration potential. The sputter charge density corre-
sponds to the integrated sputter current density. The STM mea-
surements were carried out with electrochemically etched
tungsten tips. All STM images were taken in constant-current mode.

Theory. Calculations are performed using Kohn—Sham DFT
within the GPW formalism as implemented in the Quickstep
module in the CP2K program package.®® Dual-space pseudo-
potentials®® are used to describe the interaction of valence
electrons with atomic cores. The pseudopotentials for boron
and nitrogen assume 3 and 5 valence electrons, respectively.
The atomic cores of the Rh are described by potentials with
9 valence electrons. The Gaussian basis sets chosen for this
type of application are of the molecularly optimized type.*° The
PW energy cutoff for the expansion of the density is set at
500 Ry. The Brillouin zone is sampled only at the I' point.
Exchange and correlation are calculated with the revised Per-
dew—Burke—Ernzerhof (PBE)*' GGA exchange-correlation (XC)
functional. Long-range dispersion interactions have been com-
puted using DFT-D3 formalisms.*?

We employ a slab-like model where the simulation cell
consists of four layers of 12 x 12 Rh(111) units terminated on
one side by a 13 x 13 h-BN overlayer. Periodic boundary
conditions are applied, and interactions with periodic images
in the direction perpendicular to the exposed surface are
avoided by adding about 20 A of vacuum space above the slab.
The atoms at the bottom Rh layer are kept fixed in the bulk
positions. This computational setup has been already success-
fully applied for several previous studies related to h-BN/Rh-
(111).3%*3 The diffusion path has been calculated using the
climbing image nudged elastic band method.>’ The initial path
consists of 48 configurations between A and B generated by
linear interpolation of the coordinates. The band beads have
been evenly distributed moving from A to B along the y axis. The
optimization of the path has been performed until the atomic
forces over the whole path were below 0.005 au/A.
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