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Size-limited high-density nanopore formation in two-dimensional moiré materials
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Patterns formed in monolayer graphene (Gr) and hexagonal boron nitride (h-BN) upon ion irradiation in
the temperature range from 950 to 1530 K using 500 eV He' at normal or 500 eV Xe* at grazing incidence
and fluences up to 2.5 x 10" jons/m? are investigated by room-temperature scanning tunneling microscopy.
Subnanometer pores are created and are distributed with the periodicity of the moiré which results from the
interaction of the monolayers with their Ir(111) substrate. The moife contains trapping sites for vacancies within
each moiré unit cell as is investigated in detail for the case of h-BN with the help of ab initio calculations. The
density of the nanopores is extremely high in the order of 10!7 pores/m? and their size distribution is limited by
the size of the vacancy traps causing excess vacancies to be expelled from the array and to anneal at preexistent
defects. Successful delamination of a perforated Gr monolayer from the substrate is demonstrated and makes the

material accessible for membrane research.
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I. INTRODUCTION

Transport of gases and liquids through nanoporous atom-
ically thin membranes like graphene (Gr) is a viable and
dynamic area of research. The variability of the pore size from
the subnanometer range [1-3] to tens of nanometers [4,5]
together with the inherent high-membrane permeance hold
potential for a wide range of applications including water
desalination [6-8], gas purification [4], and separation of mis-
cible liquids [3].

Aside from their natural occurence as defects [9],
nanopores can be created by electron and ion irradiation of-
ten combined with chemical methods [1-5,7,8,10]. Generally,
these methods create pores randomly in space with broad
size distributions. This is due to the inherent randomness
of energy deposition, nucleation, and subsequent growth [3].
Randomness in location and size limit permeance and se-
lectivity since fewer nanopores of the proper size per unit
area are available. Such disadvantages can be overcome in
a top-down approach involving direct writing with focused
beams [1,4,11,12], however, at the expense of inherent slow-
ness and lack of scalability.

One way to improve size regularity and density of the
nanopores is to use template effects. Examples are self-
organized films of block copolymers [5] or nanoporous
silica [8] on Gr as masks for reactive ion etching and the
use of substrate moirés for templating. The moiré effect was
used to create nanopores in hexagonal boron nitride (h-BN)
monolayers on Rh(111), where room-temperature ion irradia-
tion resulted in well-defined pores of 2-nm diameter, though
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still sparsely positioned [13,14]. These hBN sheets with pores
could even be transferred to foreign substrates [14]. For Gr
and h-BN on Ir(111), room-temperature irradiation and an-
nealing resulted in dense networks of nanopores defined by
the moiré periodicity. However, the size distribution had long
tails to large sizes in the case of h-BN monolayers [15] or an
only limited order in the case of Gr [16,17].

This paper is devoted to a systematic study on the forma-
tion of dense nanopore arrays (density ~10'7 nanopores/m?)
in the subnanometer range (average diameter 0.6—0.7 nm)
using the moiré template provided by placing a monolayer
of h-BN or Gr on Ir(111) [18,19]. Instead of using large
energy deposition in single impacts at room temperature and
annealing at elevated temperature to form nanopores (vacancy
clusters are used synonymously in the following) [15-17],
here we tune to a regime where the description of the pro-
cesses is more simple: we use ion impacts that create at most a
single vacancy in the monolayer two-dimensional (2D) mate-
rial and irradiation is conducted at elevated temperature lifting
the distinction between damage and annealing phase. Thus,
the process of vacancy cluster formation reduces to the migra-
tion and aggregation of single vacancies in an inhomogeneous
potential energy landscape defined by the moiré. Under these
conditions, highly regular arrays of vacancy clusters result for
the h-BN monolayer on Ir(111). The formation of these va-
cancy clusters is analyzed with the help of density functional
theory (DFT) calculations.

The most striking result of our investigation is a self-
limitation of nanopore growth during high-temperature ion
irradiation: once a critical subnanometer size of the nanopores
is reached during irradiation, the growth of nanopores stops.
Instead of diffusing just a few nanometers to reach the nearest
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trapping site of a moiré unit cell, the vacancies created start to
move hundreds of nanometers to anneal or heterogeneously
nucleate at preexisting defects.

II. METHODS

The experiments were conducted in an ultrahigh vacuum
system (base pressure in the 10~!!-mbar range) equipped with
variable temperature scanning tunneling microscopy (STM)
and low-energy electron diffraction (LEED). Ir(111) was
cleaned by cycles of 1 keV Xe™ ion irradiation and flash
annealing to 1550 K. For gas exposure a dosing tube was
used, giving rise to a local pressure enhancement at the sam-
ple location by a factor of ~ 80 compared to the pressure
measured by a distant ion gauge and specified here. Gr in
single-crystal quality was grown on Ir(111) by adsorbing ethy-
lene at room temperature until saturation, subsequent thermal
decomposition at 1450 K, followed by exposure to 5 x 1078
mbar ethylene for ~180 s at the same high temperature. A
monolayer of h-BN of similar quality was grown by 1 x 1078
mbar borazine exposure for ~120 s at 1250 K sample temper-
ature. The h-BN monolayer consists of two types of domains
of mirror symmetry with respect to each other. The domains
are threefold symmetric and aligned to the sixfold-symmetric
Ir surface layer [18].

500 eV He™" irradiation was performed at normal inci-
dence, while 500 eV Xe" ion exposure was conducted at
the grazing angle of 75° with respect to the surface normal.
The ion flux was adjusted by a Faraday cup moved to the
sample location prior to each irradiation experiment. The ion
fluence was set by the irradiation time at the given ion flux.
The elevated sample temperature during irradiation is con-
trolled by a thermocouple and specified for each experiment.

STM imaging was conducted at room temperature and
the software WSXM was used for image analysis [20]. LEED
patterns were digitally recorded over an energy range from
about 20 to 150 eV.

Raman spectroscopy measurements of a detached Gr
nanopore membrane were conducted under ambient condi-
tions in a backscattering geometry using a Renishaw inVia
setup, a laser with 532 nm wavelength and an optical micro-
scope with a 100x objective of 0.85 numerical aperture. The
laser was operated with a power of only 6.8 mW in order to
avoid damage. The spectra were calibrated using a Si peak at
520.5 cm~!.

Density functional theory (DFT) [21,22] calculations were
performed by employing the VASP code [23-25] that uses
pseudopotentials generated within the projector augmented
wave method [26] and the generalized gradient approxima-
tion [27]. As a starting configuration the relaxed geometry
of the (12 x 12) h-BN on (11 x 11) Ir(111) unit-cell system
was used. Specific N and B atoms were removed to create
vacancy clusters in the h-BN layer. The slab was modeled
by three Ir atomic layers, enough to correctly describe the
chemical bonding of N and B atoms with the Ir surface atoms.
A plane-wave basis set with an energy cutoff of 500 eV is
used for the calculations. The structural optimizations were
done by I'-point sampling of the Brillouin zone such that
the calculated Hellmann-Feynman forces were smaller than
10 meV/A. Since the van der Waals interactions are a key

ingredient in the bonding of h-BN to Ir(111) [18,28], we
employed the nonlocal correlation energy functional vdW-
DF?2 [29] that uses the exchange energy functional developed
by Hamada [30]. The theoretical figures have been plotted
with the VESTA [31] software.

III. RESULTS AND DISCUSSION
A. Nanopore arrays in the h-BN and Gr moirés on Ir(111)

In this section the qualitative features of vacancy cluster
arrays created by high-temperature ion irradiation in h-BN or
Gr on Ir(111) are introduced for the example of 500 eV He™
ion exposure.

The STM topograph in Fig. 1(a) shows a pristine h-BN
layer on Ir(111) at negative tunneling bias, where the moiré
supercell with the periodicity of 2.9 nm is visible through
a regular array of depressions (valleys). The moiré unit cell
is indicated in the inset as a rhombus with the valley in its
center. The valley atoms are chemisorbed to Ir(111), while
the h-BN in the surrounding mesa is physisorbed to Ir [18].
After 500 eV He™ irradiation with an ion fluence of 1.2 x 10
ions/m? at 1200 K a vacancy cluster formed in almost every
valley, while the mesa is free of vacancy clusters as shown
in Fig. 1(b). In the chosen negative bias contrast the appar-
ent depth increases from about 20 pm for a valley to about
40 pm for a valley containing a vacancy cluster as obvious
from the comparison of the line profiles for unirradiated and
irradiated samples in Figs. 1(a) and 1(b). Identification of
vacancy clusters is more reliable at positive sample bias,
where valleys without vacancy clusters appear as protrusion
[compare topograph of unirradiated sample in Fig. 1(c)] with
a height of about 25 pm. After irradiation [Fig. 1(d)] a vacancy
cluster appears as a dark spot with a depth of about 40 pm
in the center of a bright protrusion, making its identification
unambiguous. The shapes of the vacancy islands are compact,
circular to elongated. Due to their smallness, their convolution
with the tip shape, and the contrast being determined also by
electronic effects rather than geometry, it is neither possible
to give a reliable estimate for their shape nor their size. In
LEED patterns of the pristine h-BN layer, up to two orders
of moiré reflections are visible which surround the first-order
h-BN [encircled blue in Fig. 1(e)] and Ir (encircled yel-
low) spots. The number of visible moiré reflections decreases
upon irradiation [compare Fig. 1(f)]. Consistent with the real-
space view, the moir€ is preserved, though its perfection has
decreased.

A similar self-organization process takes place for ion
irradiation of Gr on Ir(111) which forms a moiré with a
periodicity of 2.5 nm and a unit cell as depicted in the inset
Fig. 2(a). After irradiation with an ion fluence of 1.2 x 10
ions/m? 500 eV He™ at 1150 K small vacancy clusters formed
in the majority of the moiré unit cells. A characteristic separa-
tion of 2.5 nm between vacancy clusters [compare line profile
of Fig. 2(b)] and some regularity in the arrangement of the
vacancy clusters is apparent, but they are less accurately posi-
tioned as for h-BN/Ir(111) and do not form a two-dimensional
lattice. The reason for this zwitter appearance of order and
disorder is that there are two preferential vacancy cluster
locations in each moiré unit cell, rather than one as for h-BN
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FIG. 1. Negative (a), (b) and positive (c), (d) bias contrast STM
topographs with associated height profiles of unirradiated (a), (c) and
irradiated h-BN/Ir(111) (b), (d). Irradiation was conducted with a
fluence of 1.2 x 10" ions/m? 500 eV He™ at 1200 K. Insets in
(a) and (b) are magnified views with the moiré unit cell highlighted
by the black rhombus. The vertical arrow in the line profiles of
(b) and (d) indicates a valley without a vacancy cluster. Unirradiated
(e) and irradiated (f) sample LEED patterns at 68 eV. Blue or yellow
circles enclose a first-order h-BN or Ir(111) reflection, respectively.
Image sizes are 45 nm x 45 nm for (a)—(d), and 9 nm x 9 nm for
insets in (a) and (b). Positive and negative sample bias voltages Us
used for tunneling are indicated in (a)—(d).

Ir(111) [16]. These preferential locations are at the centers of
the two triangles created by the dashed line in the unit-cell
rhombus depicted in the inset of Fig. 2(a) (hcp and fcc regions
in the terminology of Ref. [16]). Vacancy clusters are absent
in the bright areas at the corners of the moiré unit cell (top re-
gions). The profile in Fig. 2(a) shows that vacancy clusters are
associated with depressions of up to 90 pm depth. In LEED
patterns of the irradiated sample, aside from the first-order Gr

FIG. 2. (a) STM topograph and (b) associated height profile of
Gr/Ir(111) irradiated by 500 eV He™ with a fluence of 1.2 x 10"
ions/m? at 1150 K. Inset in (a) displays the moiré pattern of pristine
Gr/Ir(111), a moiré unit cell is indicated by the black rhombus.
Dashed line in rhombus divides unit cell in two triangles. Vacancy
clusters are mostly located in centers of triangles, but never at their
corners. (¢) LEED of sample shown in (a) at 70 eV. Blue or yellow
circles enclose a first-order Gr or Ir(111) spot, respectively. Image
size is 45 nm x 45 nm and 8 nm x 8 nm for inset, sample bias is
Us; = —0.6 Vand U; = —1.3 V for inset.

[encircled blue in Fig. 1(e)] and Ir (encircled yellow) spots,
also up to two orders of surrounding moiré reflections are vis-
ible. Although inferior to the LEED pattern of an undamaged
h-BN layer, it still indicates an ordered moiré.

B. Mechanism of cluster array formation

Vacancy cluster formation in the moiré of h-BN with
Ir(111) at 1200 K requires the creation of vacancies in the
h-BN monolayer. Based on the small nuclear charge of He,
B, and N atoms, the scattering cross section of impinging He
ions will be small implying little damage per ion. Consistent
with this reasoning, below we obtain an experimental estimate
for the sputtering yield of ¥, gy &~ 0.25, ie., 0.25 B and N
atoms are removed per impinging He™ ion in average. This
value is consistent with estimates obtained with Monte Carlo
simulations in the binary collision approximation [32]. In
conclusion, per impact at most a single missing atom in the
h-BN layer is created. The experiments presented here were in
fact tuned on purpose to the single-vacancy sputtering regime
in order to avoid complications in the interpretation that would
result from impacts giving rise to complex damage patterns
and the direct creation of vacancy clusters of varying size.

The arrangement of vacancies into clusters, with one clus-
ter in each moiré unit cell, implies immediately the mobility
of single B and N vacancies within the h-BN layer at 1200 K,
the temperature of ion exposure. Based on the DFT calcu-
lations by Zobelli et al. [33] vacancy migration barriers are
AE =2.6 eV for aB and AE = 5.8 eV for an N vacancy in
freestanding h-BN monolayers. More recent calculations by
Weston et al. [34] yield values of AE = 2.8 and 5.0 eV, re-
spectively, in reasonable agreement with the previous calcula-
tions. Based on these numbers and the universgl Arrhenius law
for thermally activated diffusion v = vye*” , nitrogen va-
cancy migration at 1200 K can be ruled out for the freestand-
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FIG. 3. (a) Top view and side view ball models of the DFT moiré
supercell for h-BN on Ir(111). The supercell consists of (12 x 12) h-
BNon (11 x 11) Ir(111) unit cells. The side view is along the dashed
black line in the top view. (b) Magnified top view ball model of DFT
calculation for the moiré supercell with a vacancy cluster consisting
of three missing N and three missing B atoms in the mesa region. The
location of the vacancy cluster is indicated in (a) through a purple
circle. The side view of the entire unit cell with vacancy cluster is
taken along the black dashed line. (c) As (b), but with vacancy cluster
located in the valley region. The location of the vacancy cluster is
indicated in (a) through a red circle. Relative formation energies E
of the vacancy clusters are indicated in (b) and (c).

ing monolayer. Here v is the vacancy hopping rate, vy an
attempt frequency in the order of 10'* s=! defined by typical
lattice vibration frequencies, kz the Boltzmann constant, and
T the temperature. We conclude that vacancy migration is
assisted, either by the many impinging ions that just transfer
energy and do not sputter, or through the substrate. While
the former cannot be excluded, the latter will be shown below
to hold.

The observation of the vacancy cluster positioning pre-
cisely within the valley areas must be an effect of a strong
energetic preference for this location. Insight into the energet-
ics of vacancy cluster positioning is provided through density
functional theory (DFT) calculations for h-BN/Ir(111) of
which examples are shown in Fig. 3. Figure 3(a) displays
the moiré unit cell without any vacancy cluster [18]. It is
apparent that the positions of the B and N atoms vary laterally
over the unit cell. In the central area, where the N atoms sit
atop of the Ir atoms and the B atoms in threefold hollow
sites, h-BN is chemisorbed to Ir, while in the other areas it
is only physisorbed. This becomes obvious through the side
view of the unit cell along the diagonal indicated by a black
dashed line in Fig. 3(a). In the central valley region, the B
and N atoms are close to the Ir(111) surface plane due to the
chemisorption (distance ~2.2 A), while in all other areas, i.e.,
in the mesa, they are in a rather uniform and much greater
height (distance ~3.5 A) [18].

A situation with an example vacancy cluster in the mesa,
consisting of three missing B and three missing N atoms, is
depicted in Fig. 3(b). The top view makes plain that the edge
atoms bounding the newly created vacancy cluster rearrange
laterally to compensate for their missing bonding partners.
In the side view it becomes obvious that edge atoms also

moved down in order to form compensating bonds with the Ir
substrate. Thereby they cause a substantial vertical deforma-
tion of the h-BN layer in the vacancy cluster surrounding and
drag nearby atoms down. This downward movement implies
an energy penalty for the fully coordinated atoms next to the
edge. The height of the atoms in the mesa was determined
by the equilibrium of van der Waals attraction and Pauli re-
pulsion. As atoms next to the edge are dragged down by the
vacancy cluster edge atoms binding to Ir, substantial repulsive
forces are acting on them.

To the contrary, there is little change in the h-BN layer next
to the vacancy cluster, when the cluster is placed in the valley
as shown in Fig. 3(c). The cluster edge atoms had already
strong chemical bonds with the Ir substrate prior to cluster
atom removal. Little extra deformation is introduced into the
h-BN sheet by vacancy cluster formation. Consequently, the
formation energy of the cluster is 4.6 eV lower in the valley
compared to the mesa. This large energy difference implies
that even at 1200 K and in the absence of additional barriers,
such a cluster would never move away from the valley onto
the mesa: a Boltzmann factor estimate implies a negligible
occupation probability of mesa sites. In consequence, also
clusters in neighboring moiré unit cells are unable to merge
at 1200 K.

It is evident that these conclusions are not limited to a
specific cluster size, but should hold as long as the cluster fits
into the chemisorbed valley area, i.e., as long as it is smaller
than ~20 vacancies. We tested also less symmetric clusters
and found for a vacancy cluster composed of six missing N
and three missing B atoms an energetic preference of 6.2 eV
for the valley compared to the mesa.

A similar mechanism holds for small vacancy clusters in
Gr/Ir(111) with the difference that within the moiré unit cell
a specific region is strongly disfavored for positioning small
vacancy clusters [16]. This region is the top region which is
bright in the inset of Fig. 2(a). Formation of a vacancy cluster
with four missing carbon atoms in the top region is disfavored
by about 4 eV with respect to the two other high-symmetry
regions in the moiré unit cell, which have have similar forma-
tion energies. This ambiguity explains the less perfect order
of vacancy clusters in Gr, as observed in Fig. 2(a).

C. Nanopore growth stagnation

Aside from preferential nucleation of nanopores at specific
locations in the moiré, a second remarkable feature of these
vacancy cluster arrays becomes obvious when analyzing their
evolution with ion fluence. We start with the h-BN/Ir(111)
case.

Figure 4(a) displays as full red dots the fluence dependence
of the vacancy cluster number density » measured in vacancy
clusters per moiré unit cell. It is apparent that n gradually
increases and approaches unity for fluences above 1 x 10"
ions/mz. The insets of Figs. 4(b) and 4(c) show the vacancy
clusters in the arrays for unsaturated n after a fluence of
0.30 x 10" jons/m? 500 eV He™ and almost saturated n after
a fluence of 1.20 x 10" ions/m?, respectively.

The large-scale topographs of Figs. 4(b) and 4(c) display
an additional feature: while in the topograph of Fig. 4(b) the
h-BN layer perforated by vacancy clusters still extends over

205413-4



SIZE-LIMITED HIGH-DENSITY NANOPORE FORMATION ...

PHYSICAL REVIEW B 105, 205413 (2022)

—
=

(a) ................... °
h-BN L

cluster number density n
(vacancy clusters/moiré)
o
o

L]
e
| T S T N T I T N AN 1
(%) eale pasepnds

o
o
e
a
M

1.0 |(d)

0.5

cluster number density n
(vacancy clusters/moiré)
(%) eaue pasapnds

0.0t f' """ ha “| 1 1 1 I
0.4 1.2 2.0
fluence (10 ions/m?)

FIG. 4. (a) Dependence of vacancy cluster number density n and sputter removed area in h-BN on Ir(111) on 500 eV He* ion fluence at
1200 K. Full red dots and left axis: n in clusters per moiré cell; full blue squares and right y axis: removed h-BN layer area by sputtering
(excluding cluster area). Lines to guide the eye. (b), (c) STM topographs taken after ion fluences as indicated in (a) and in the top right corners
in units of 10" ions/m?. (d) Same as (a), but for Gr on Ir(111) and at 1150 K irradiation temperature. (e), (f) STM topographs taken after ion
fluences as indicated in (d). Insets in STM topographs are magnified views. Removed areas in (c) and (f) are shaded blue. See Figs. S1 and
S2 of Ref. [35] for STM topographs of additional fluences and without coloring of sputtered areas. Topograph sizes are 350 nm x 350 nm,
12 nm x 17 nm for insets of (b), (c), and 15 nm x 21 nm for insets of (e), (f). Sample bias is in (b) U; = —1.4 V and for inset Us = +1.4 V, in
(¢) U;s = —1.3 V and for inset U; = +1.5 V, in (e) U; = —1.4 V and for inset U; = —0.8 V, and in (f) U; = —1.6 V and for inset U; = —1.8 V.

the entire substrate, this is no more the case after the sample
is exposed to the larger fluence of 1.2 x 10'? ions/m?. Stripes
of bare Ir(111) are present which are shaded blue in Fig. 4(c)
for better visibility. They result from vacancies that were not
incorporated to the vacancy clusters located in the valleys, but
migrated through the perforated h-BN layer on the order of
100 nm to form these extended vacancy islands in the form of
stripes. The area of these islands as function of ion fluence is
plotted in Fig. 4(a) as blue squares and specified on the right y
axis. It is apparent that the islands do not form instantaneously
with the onset of ion exposure, but only when n approaches
saturation.

The specific stripe shape of the large vacancy islands can
well be understood considering the domain structure of h-BN
on Ir(111). On the sixfold-symmetric Ir(111) surface layer
a threefold-symmetric monolayer of h-BN nucleates in two
types of domains, each typically of triangular shape [18].
Upon layer completion the domains merge, forming domain
boundaries. Under the growth conditions used, domains dis-
play lateral dimensions in the order of 0.5 um. It was noticed
already in annealing experiments that such domain boundaries
are sinks for vacancies in h-BN on Ir(111) (compare Fig. 4
of Ref. [15]). Thus, once vacancy clusters have formed in
the valleys, additionally created vacancies migrate through
the perforated h-BN layer on Ir(111), until they reach a do-
main boundary where they anneal causing the Ir surface to
become uncovered. Apparently, there is a limit in the size

of vacancy clusters in the valleys which prevents continuous
attachment of vacancies and which causes them to be expelled
from the h-BN layer towards the domain boundaries. We
note that the long-range migration of vacancies to domain
boundaries is evidence for substrate-assisted N vacancy diffu-
sion in h-BN on Ir(111) mentioned above, though the precise
mechanism can not be elucidated on the basis of the present
data.

Making the simplifying assumption that incorporation of
vacancies into valley vacancy clusters ceases for larger flu-
ences, the slope of the fluence vs area plot in Fig. 4(a) gives
at large fluences the global erosion yield Y pn. It amounts
to Yhen ~ 0.25, ie., 0.25 B or N atoms are removed per
impinging He™ ion. Extrapolating the slope to zero fluence
enables an estimate of the atoms contained in the vacancy
clusters. With the known yield one obtains an average vacancy
cluster size of ~15 vacancies.

A similar dependence on ion fluence is found for ion
irradiation of Gr on Ir(111). Figure 4(d) presents the quan-
titative analysis and Figs. 4(e) and 4(f) two representative
topographs before and after saturation of n. After satura-
tion of n it is visible in Fig. 4(f) that also for Gr on
Ir(111) large vacancy islands form that uncover the Ir(111)
substrate. They result from vacancies that were not incor-
porated to the vacancy clusters located in the individual
moiré unit cells, but migrated large distances through the
perforated Gr layer. The shape of the vacancy islands is
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compact and very different from the striped shape for
h-BN.

Gr is a single crystal on Ir(111) and has no domain bound-
aries. As visible in Fig. 4(f), nearly all large vacancy islands
are located where the Ir substrate has step edges. At these
locations Gr is strained and contains a large concentration of
point defects [36]. Thus, the large vacancy islands accepting
the excess vacancies presumably nucleated heterogeneously
at such defects.

Using the same reasoning as above, the Gr sputtering yield
on Ir(111) for 500 eV He™ is estimated to be Yg, &~ 0.33.
Extrapolating the slope of the fluence vs vacancy island area
curve in Figs. 4(d) to zero fluence yields as an estimate for the
average cluster size in the array &12 vacancies. We note that
in Figs. 4(c) and 4(f) pronounced bright bumps are visible.
They are due to accumulation of He in blisters between the
2D layer and the Ir(111) substrate and not of significance here
(compare Refs. [15,37]).

In conclusion, we observe for both 2D layers that upon
saturation of the vacancy cluster number density » addition-
ally created vacancies are expelled and either anneal at h-BN
domain boundaries or at sparse vacancy islands that hetero-
geneously nucleate in defective Gr areas. This observation
implies that vacancy clusters do not grow beyond a critical
size. Single vacancies created by the ion beam are apparently
able to efficiently diffuse, but unable to incorporate into ex-
isting vacancy clusters within moiré unit cells. This could
be due to the buildup of an energetic barrier for vacancy
incorporation into an existing cluster. Considering the high
temperatures under concern, it is probably more adequate
to consider free-energy differences for explanation that are
related to the formation energies. One could also express this
finding in terms of a size-dependent 2D vacancy vapor pres-
sure. The vacancy vapor pressure increases sharply beyond a
critical vacancy cluster size such that reevaporation becomes
faster than external vacancy supply, driving the cluster back to
its critical size.

For h-BN the estimated average vacancy cluster size of
~15 vacancies corresponds reasonably well with the num-
ber of chemisorbed valley atoms. It is thus plausible that
once the location of the chemisorbed valley has turned into
a vacancy cluster, the addition of vacancies becomes ener-
getically unfavorable due to the excess deformation of the
layer and the more unfavorable binding to the substrate.
Therefore, tentatively the size of the chemisorbed valley is
identified with the size of the critical vacancy cluster. The self-
limitation of growth mimics the behavior of magic clusters
of atoms [38—40] or vacancies [41-43]. Such clusters display
a special stability at their “magic” size. However, whether
the critical vacancy cluster size on h-BN is atomically well
defined or whether it depends slightly on the precise irradi-
ation conditions remains open. Other tools than STM would
be required to investigate this topic, as due to tip convolu-
tion effects STM does not provide accurate estimates of hole
sizes.

For Gr the situation is similar, but less obvious. Based
on previous DFT calculations [16] the growth of a vacancy
cluster over the energetically disfavored top region seems to
be the limiting factor. However, considering the small mea-
sured average cluster size of 12 vacancies, it could be that

FIG. 5. (a) STM topograph of h-BN/Ir(111) after irradiation
with 1.2 x 10" jons/m? 500 eV He™' at 1070 K. (b) Same as (a),
but irradiation at 1270 K. The inset in (b) displays an area where the
h-BN layer decomposed to borophene. Image sizes are for (a) 32 nm
x 32 nm, for the inset in (a) 7.5 nm x 7.5 nm, for (b) 42 nm x 42 nm,
and for inset in (b) 60 nm x 60 nm. Sample biasisin (a) Us = +1.5V
and for inset Ug = +1.5 V, and in (b) U; = +1.6 V and for inset
U;,=—-15V.

cluster growth beyond the high-symmetry fcc regions and hcp
regions [16] is already hampered.

For both materials, h-BN and Gr, it is evident that in
the regime of saturated vacancy cluster density » irradiation-
induced vacancies are highly mobile, as once the deep traps
are filled with vacancies the vacancies move hundreds of
nanometers through the perforated 2D layer to reach domain
boundaries or heterogeneously nucleated vacancy islands. The
absence of a gradient in the size of the vacancy clusters, i.e.,
the independence of their size from the distance to the h-BN
domain boundaries or to the Gr vacancy islands, underlines
the large vacancy diffusion length [compare the insets of
Figs. S1(b) and S1(c) as well as Figs. S2(c) and S2(d) in
Ref. [35]].

D. Dependence of nanopore array formation on temperature
and ion beam parameters

While for the given ion beam parameters (500 eV He%t
at normal incidence) the temperature of 1200 K appears to
be suitable to create a regular nanopore array in h-BN on
Ir(111), the STM topographs of Figs. 5(a) and 5(b) explore the
situation at lower (1070 K) and higher (1270 K) temperature,
respectively. As highlighted by the inset of Fig. 5(a), towards
lower temperature the vacancies are frequently pinned at addi-
tional sites of the moiré, specifically at sites just in the center
of the triangle formed by three valleys. At these locations even
unirradiated samples often display defects [compare Fig. 4(a)
of Ref. [44]], and it may well be that they form pinning
sites for vacancies at the lower temperature. Towards higher
temperature, as shown in Fig. 5(b), the vacancy cluster array
is quite perfect with n & 0.85 (n ~ 0.90 at 1200 K). However,
though rare, in some areas of the sample already thermal
decomposition of the h-BN to a borophene layer is observed
[compare inset of Fig. 5(b) and also Ref. [15]]. Therefore,
despite the fact that vacancy cluster arrays created at 1270 K
appear to be of similar quality compared to 1200-K irradiation
temperature, in terms of reproducibility it seems mandatory
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FIG. 6. (a) STM topograph of Gr/Ir(111) after irradiation with
1.2 x 10" ions/m? 500 eV He* at 950 K. A few coalesced dendritic
vacancy clusters are highlighted in dark gray. (b) Same as (a), but
irradiation at 1530 K. (c) Analysis of vacancy cluster number den-
sity n(T) (black squares) per moiré unit cell and partial densities
ny(T) (red dots, precisely one cluster per moiré unit cell), n.,(T")
(green triangles, more than one cluster per moiré unit cell), and
n. (pink diamonds, coalesced clusters per moiré cell). Image size
is 40 nm x 40 nm. Sample bias is in (a) Us = —2.0 V and in
b)Y U, =—-12V.

to keep a safe distance in temperature from decomposition
conditions.

For Gr the situation is different as shown in Fig. 6. After
irradiation at the low temperature of 950 K vacancy clusters
of different moiré cells coalesce and form larger dendritic
vacancy cluster aggregates, as shown in Fig. 6(a). At the very
high irradiation temperature of 1530 K the number of vacancy
clusters has substantially decreased compared to the situation
at 1150 K already displayed in Fig. 2(a), but the vacancy
clusters are still of the similar size as at 1150 K. Figure 6(c)
quantifies our results. The vacancy cluster number density
n (black squares) displays a pronounced drop between 1150
and 1250 K. This drop is due to a steplike reduction in nu-
cleation probability, which reduces strongly n; (red dots) and
ns (green triangles). The broad irradiation temperature range
between 1250 and 1530 K with stable vacancy cluster array
properties appears ideal, if a uniform cluster size is important,
though at the expense of a limited array occupation with
n =~ 0.25. At 1150 K, n is much larger and has a maximum
of cells with just one cluster (n, red dots), but at the expense
of a few larger coalesced clusters and a substantial fraction of
more than singly occupied unit cells (n.., green triangles).

The dependence of the formation of regular vacancy cluster
arrays on h-BN/Ir(111) and Gr/Ir(111) on the ion beam pa-

FIG. 7. (a) STM topograph of Gr/Ir(111) exposed to 3 x 10'3
ions/m? 500 eV Xe® at 1150 K at an angle of 75° with re-
spect to the surface normal. Neither implanation nor large vacancy
islands are apparent. Image size 355 nm x 355 nm. (b) Same
as (a) with vacancy cluster resolution through magnified view.
Image size 50 nm x 50 nm. For both topographs sample bias
isUs=—14V.

rameters has not been investigated in full. Nevertheless, two
key factors can be identified: (i) Trapping of the primary ions
in-between the 2D layer and the metal substrate leads to blister
formation and thus to detached and strained areas in the 2D
layer. In this respect, He™ irradiation is optimal, as due to the
small size of the ion, its escape probability from underneath
the 2D layer is highest. Even when considering the larger ion
fluences needed for vacancy cluster array formation with the
low sputtering yield of He™, still using He™ results in minimal
blistering [17]. (ii) If the damage of a single impact becomes
too large, already during the initial stage of vacancy cluster
array formation some vacancy clusters become large and form
vacancy islands. This impedes the potential for practical use
of a membrane, e.g., in applications like reverse osmosis. A
possible explanation for the effect is that violent impact events
create large immobile vacancy clusters at wrong positions,
whereby coalescence becomes more probable. Another pos-
sibility is that violent events disrupt the sheet between two
vacancy clusters causing coalescence and initiating subse-
quent growth.

An elegant alternative to normal incidence He™ beams for
vacancy cluster array fabrication is the use of Xe™ grazing
incidence irradiation. Choosing the proper grazing angle, the
energy E, = E cos’ 6 for the normal motion with respect to
the surface can easily be tuned below the critical value for
planar surface channeling E,,; for a given ion species [45].
Then, the ions do not penetrate the 2D layer, are reflected back
to the vacuum, and do not cause violent damage through large-
angle scattering events. Consequently, trapping of the primary
ion species under the 2D layer is absent [17]. For 500 eV
Xe™ incident at 75° with respect to the surface normal, indeed
surface channeling takes place. For these ion beam parameters
E, = 33.5 eV is still above the damage threshold E; =~ 20 eV
for Gr [46] and thus single vacancies are created. An example
for vacancy cluster array formation without trapping is given
with Fig. 7(a), where the morphology of Gr/Ir(111) after an
ion fluence of 3 x 10'® ions/m? 500 eV Xe™t at 1150 K is
shown. Neither blisters due to trapping nor large vacancy is-
lands are visible. The absence of large vacancy islands implies
that the array is still in the growth phase and not yet saturated.
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FIG. 8. Transfer of a Gr nanopore membrane that has been perforated by a fluence of 4 x 10'® ions/m? 500 eV He™ at 1150 K resulting
in nanopore density of 1.1 x 10'7 clusters/m?. (a) 88 eV 500 eV He™ pattern of a vacancy cluster membrane after Eu intercalation. Three
(/3 x +/3) spots of the intercalation layer are encircled green. Blue and yellow circles enclose a first-order Gr and Ir(111) spot, respectively.
(b) Gr vacancy cluster membrane prior to PMMA dissolution (round) resting on an oxidized Si wafer (blue). (c) Optical microscope image of
the membrane after PMMA dissolution. The scale bar is 10 um. (d) Raman spectrum of the nanopore membrane on a Si wafer with native
SiO; (green) acquired at the crosshair position in (c) using a using a 532-nm laser. For reference, also a spectrum of the bare wafer without

membrane (blue) is plotted.

The zoom of Fig. 7(b) makes plain that the grazing incidence
irradiation is indeed a viable tool for the formation of vacancy
cluster arrays, though n does not reach values close to unity as
obtained by 500 eV He* normal incidence irradiation. Since
these results depend only on the presence of planar surface
channeling with the condition £, < E,; and the ability of the
impinging ion to cause damage provided by E, > Ej;, other
ion incidence angle and energy combinations fulfilling these
conditions are expected to yield similar vacancy cluster arrays.

E. Transfer of a nanopore membrane

While uses of a vacancy cluster array resting on Ir(111)
can be envisioned, e.g., as a template, for applications like fil-
tering the detachment of the vacancy cluster membrane from
Ir(111) is a prerequisite. Although the h-BN vacancy cluster
membrane has a higher regularity, the membrane is likely to
fall apart into um-sized pieces due to the existence of domain
boundaries. At least in principle such domain boundaries can
be avoided [47] but future work is certainly needed to develop
single-crystal h-BN layers. In contrast, Gr on Ir(111) exists as
a high-quality single crystal and has already been successfully
transferred on the mm scale as a membrane using the hydro-
gen bubbling method [48,49]. Therefore, here detachment of
the perforated Gr membrane from Ir(111) is investigated as a
first step.

Due to the strong C-Ir bonds formed by the Gr edge atoms
with Ir(111) [50], a high density of small vacancy clusters
increases the adhesion of the perforated Gr membrane to Ir
substantially. Therefore, the plain bubbling transfer method
failed in detaching of the vacancy cluster membrane from
Ir(111). In order to weaken the binding of the membrane to
Ir we intercalated Eu until saturation at a sample temperature
of 720 K and under ultrahigh vacuum (UHV) conditions such
that a (\/g X ﬁ) Eu intercalation pattern forms [50] [see
Fig. 8(a)]. The sample is then removed from the ultrahigh vac-
uum, brought to ambient conditions, coated with poly(methyl
methacrylate) (PMMA), and finally immersed in a 10 %
NaOH solution. The sample is then used as a cathode with
a Pt counterelectrode. In a first step for 10 h an underpotential
voltage of —1.4 V is applied to induce intercalation of water

and its reaction with the Eu underneath Gr. Subsequently,
the voltage is gradually increased above the onset of H, gas
evolution until after 5 h and at a final voltage of —1.7 V the
membrane lifts off from the substrate. The vacancy cluster
membrane/PMMA disk is placed with its Gr side on an oxi-
dized Si wafer [compare Fig. 8(b)]. After the PMMA has been
dissolved, the vacancy cluster membrane is well visible in the
optical microscope. Figure 8(c) displays two darker bands in
the membrane which we interpret as folds created due to the
transfer process.

To obtain further information on the transferred membrane,
we performed Raman spectroscopy at various locations on
the sample. A Raman spectrum obtained from the region in
the crosshair of Fig. 8(c) is displayed in Fig. 8(d). Intense
peaks associated with G mode (E;; phonon) and defect ac-
tivated breathing modes D and D’ are present at 1580, 1350,
and 1620 cm™!, correspondingly. The intensity of the defect-
related D peak is about 3.5 times higher than the G peak,
i.e., Ip/Ig &~ 3.2. Cangado et al. [51] related this ratio to
the average defect separation Lp between ion-beam-induced
defects. Based on their data, assuming similar structurally
modified areas of the defects, and for the laser wavelength
of 532 nm used by us, we estimate Lp &~ 3 nm in decent
agreement with the moiré unit-cell repeat distance of 2.5 nm.
The successful transfer of the membrane opens the door to
future experiments characterizing and using the perforated Gr
membrane.

IV. CONCLUSIONS

Formation of nanopore arrays in monolayers of h-BN and
Gr through ion-induced creation of single mobile vacancies at
elevated temperature is observed. For h-BN the arrays can be
described as a nanopore lattice with an occupation of up to
90 % of the lattice sites. DFT demonstrates that the formation
energy of a nanopore is much smaller in the chemisorbed
valley compared to the surrounding mesa which agrees well
with the experimentally observed location. The reason for
the preference of the valley is that the dangling N and B
bonds are there able to easily saturate with Ir substrate atoms
without inducing additional deformation to the h-BN layer.
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The average vacancy cluster size for h-BN is 15 vacancies,
in decent agreement with the size of the valley containing
about 20 atoms. For Gr the top region within the moiré
unit cell is strongly disfavored, giving rise to preferential
vacancy cluster binding in the other high-symmetry regions
with an average size of about 12 vacancies. Strikingly, with
increasing ion fluence the nanopores in both materials stop to
grow and additionally created vacancies migrate hundreds of
nanometers either to preexistent h-BN domain boundaries or
to defected Gr areas, where they anneal. This finding implies
an extremely strong variation of vacancy cluster formation
energy as a function of position and size. Once deep traps
of limited size in the moiré are filled, additional vacancies
are expelled from the array of nanopores. Limiting the ion
fluence to below 5 x 10'® jons/m? for the cases of 500 eV
He* at normal and Xe™ at grazing incidence results in size-
limited nanopores without additional large-scale holes in the

monolayer. Such membranes can be delaminated from their
substrate using in situ intercalation to lower the h-BN or Gr
binding to Ir(111) and subsequent ex situ application of the
hydrogen bubbling method. This opens the door for the use of
such dense nanopore arrays in membrane research.
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