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ABSTRACT: Periodic structures of silicon are of interest in quantum-
dot-based applications because of their unique optical and electronic
properties. We report on the fabrication of stable quasi-ordered Si
nanocluster arrays on the moiré of a hexagonal boron nitride (h-BN)
monolayer on Ir(111). The h-BN monolayer promotes the growth of
regular Si nanoclusters at 130 K and electronically decouples the clusters
from the underlying metallic substrate. Using scanning tunneling
microscopy and spectroscopy, we have investigated the cluster binding
sites, their electronic structure, and their thermal stability. We find that the
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clusters display a size-dependent bandgap and that they are stable up to 2 -1 0 1 2
577 K, after which cluster coalescence degrades the arrays. voltage (V)
B INTRODUCTION easy patterning of electrical contacts anywhere on the array,

making devices containing the desired cluster density.”
Furthermore, the identical environment and similar size of
the clusters will provide a collective response without smearing
out the single cluster properties.

A monolayer of h-BN on Ir(111) system is an excellent
template to grow arrays of similar-sized clusters. It provides (i)
) } , - ] periodic nucleation sites where deposition of atoms lead to the
de51gni bottom-up fqnchonal _mafsfllals with Fhe' desired growth of epitaxial and similar sized clusters,””* (ii) the large
C.aFalytlc and electronic p rop.ertles. . The fabrication of a bandgap of h-BN electronically decouples nanoclusters from
silicon cluster superlattice is motivated by the clusters the metallic Ir(111), Spreserving and allowing to measure their
potential in electronic and spintronic devices. For example, electronic structure.”> We demonstrate that Si forms a quasi-
Si quantum dots have shown promise as active materials in ordered network of small clusters on h-BN when deposited at

Nanostructured materials exhibit novel and tunable properties
that are much different from their bulk counterparts, and
therefore hold great promise to advance current applications
and inspire future ones.'”” Recent advancements in the
formation of cluster superlattices with exceptional long-range
order and controllable cluster sizes provide a roadmap to

qubit architectures for quantum computing'*™"* and display 130 K and have identified their binding sites. The Si
interesting charge transport characteristics." Moreover, the nanoclusters display a wide range of sizes implying a large
photoluminescence and high quantum yield of Si nanoclusters variety of the number of atoms between different clusters.
make them also an interesting material for optoelectronic Moreover, the nanoclusters are electronically decoupled from
applications. The quantum size effect, resulting in a blue-shift the underlying substrate and have a size-dependent energy
of the energy gap, and surface passivation effects, limiting bandgap.

nonradiative recombination processes, are believed to be the

heart of these optical properties.'®™** B EXPERIMENTAL METHODS

Despite the significance of Si to the current electronic
industry, superlattices of small and stable Si nanoclusters have
yet to be realized. Fabrication reproducibility and cluster
disorder pose significant challenges, which could potentially
limit the effectiveness and predictability of Si-cluster-based Received: January 28, 2022
systems. The scalable fabrication of well-ordered arrays of Si Revised:  March 25, 2022
nanoclusters integrated on an insulating substrate is anticipated Published: April 6, 2022
to enable better utilization of their properties and encourage
the use of Si clusters to advance the existing information
technology. The use of similar-sized cluster arrays will allow

Sample preparation, STM, and LEED imaging were conducted
in the ultrahigh-vacuum system ATHENE in Cologne. The
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background base pressure was in the 107'' mbar regime.
Cleaning of the Ir(111) crystal was done by using several
cycles of 2 keV Xe" sputtering and flash annealing to 1550 K.
The h-BN monolayer was grown on Ir(111) by exposure to a
background pressure of S X 10~ mbar of borazine (B;N;H)
at 1230 K. Borazine exposure was through a gas dosing tube
which enhances the pressure at the sample location by a factor
of 80. The h-BN monolayer was grown to near completion
coverage as confirmed by STM and LEED experiments.

Si was evaporated on h-BN/Ir(111) and Ir(111) at 130 and
300 K from a home-built Si evaporator with a deposition rate
of 0.11 MLE/min at an evaporation pressure around 1 X 107°
mbar. The deposited amount 6 was calibrated by Si deposition
onto clean Ir(111) and subsequent annealing to 670 K for 30
min. The heating step leads to the formation of compact Si-
induced islands. As we show in the main text, STM imaging
was used for the determination of the island coverage and thus
the deposition flux. The deposited amount of Si is given in
monolayers with respect to the surface atomic density of
Ir(111).

STM imaging was done at room temperature by using
tunneling currents I in the range I = 0.1—0.6 nA and sample
bias voltages U in the range U; = —(0.8—2.0) V. The STM
data were processed (background subtraction and contrast
adjustment) by using the WSxM software.”®

B RESULTS AND DISCUSSION

Figure la shows a large-scale scanning tunneling microscopy
(STM) image of the Ir(111) surface after exposure to Si vapor
at 300 K and annealing to 670 K for 30 min. The inset depicts
structures (small clusters and wires) formed just after Si
deposition at 300 K. After annealing, small Si-induced islands
(marked with a black dashed outline) cover about 10% of the
surface. The patches are grouped into two domains rotated by
13° with respect to each other as seen also in the fast Fourier
transformation (FFT) of the topograph in Figure 1b. Figure lc
shows an atomically resolved image of a Si-induced island next
to bare Ir(111). The island exhibits a complex reconstruction
strongly resembling the (V19 x J19) R23° reconstruction of
the Si/Pt(111) system seen in STM and diffraction experi-
ments.””*® Similar to Si/Pt(111), (i) the reconstructed Si/
Ir(111) surface is located in the same atomic layer as the
Ir(111)-(1 X 1), and the Ir(111)-(1 X 1) surface has the same
level of apparent height with the basis of the Si-induced
reconstruction; (ii) the reconstructed surface is modified by
triangular-shaped features of dark and bright contrast rotated
by about 23° with respect to the main directions of Ir(111);
and (iii) it can be accurately described as a (/19 X +/19)
R23° superstructure. The unit cell of the superstructure is
indicated in Figure Ic, in which bright and dark triangular
intrusions are in the unit cell. Therefore, the same atomistic
model as for Si/Pt(111), in which the building block of the
reconstruction is a Si;Pt tetramer, can be adapted to Si/
Ir(111). These observations rule out the growth of silicene on
Ir(111) for submonolayer amounts of Si, in line with ref 29.
To limit Si—Ir alloying during cluster formation, we cover
the Ir(111) crystal with a complete monolayer of h-BN. Figure
2a is a large-scale STM image of h-BN on Ir(111). The lattice
mismatch between the two surfaces leads to the formation of a
long-range moiré. The moiré periodicity amounts to 2.91 nm, a
consequence of (11.7 X 11.7) h-BN unit cells matching (10.7
X 10.7) Ir unit cells.”® Atomic-scale STM imaging (inset of
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Figure 1. (a) Scanning tunneling microscopy (STM) topograph of Si-
induced islands (marked with a black dashed outline) on Ir(111) after
the deposition of Si at 300 K and annealing to 670 K for 30 min.
Inset: Si-induced surface structures before the annealing step. (b) The
corresponding FFT image revealing the two domains of the islands
rotated by 13°. (c) An atomic scale STM image at the boundary of a
Si-induced island and the Ir(111) pristine surface. The unit cell of the
(V19 x /19) R23° superstructure is overlaid on the image. The
image sizes are 220 nm X 120 nm in (a), 33 nm X 33 nm in the inset
of (a), and 5 nm X § nm in (c).

Figure 2a) reveals the h-BN atomic lattice—a honeycomb
lattice with a period of 0.248 nm.”” The corresponding FFT
(Figure 2b) shows the first- and second-order moiré spots.
Chemisorbed valleys appear as either dark depressions or
bright protrusions with a darker interior depending on sample
bias. They are separated by flat physisorbed mesas.’” In the
valleys, N atoms sit atop Ir atoms, leading to a partial 513)3
hybridization in h-BN and a higher reactivity at these sites.’’
Deposition of metals or C atoms on h-BN/Ir(111) results in
the formation of regular arrays of clusters.””*> The clusters
bind at the chemisorbed valleys modifying and strengthening
the sp® binding motif.”> Almost perfect superlattices of a
variety of elements have been already created on h-BN/
Ir(111).”**° These cluster superlattices display high thermal
stability. For example, Ir and Pt cluster superlattices on h-BN/
Ir(111) retain their order and number density up to 700 K,***°
more than 100 K higher temperatures than on h-BN/
Rh(111)*? and about 200 K higher than on Gr/Ir(111).%
In addition, h-BN provides electronic dec0115pling of the
clusters from the underlying metallic substrate.”

Deposition of 0.2 ML of Si on h-BN/Ir(111) at 300 K leads
to the formation of small clusters and islands randomly
scattered across the h-BN; compare Figure 2c¢ and the
corresponding FFT image in Figure 2d. This is in sharp
contrast to the well-defined metal cluster superlattices,”"*
indicating high mobility of the Si atoms on h-BN/Ir(111) at
300 K. To reduce the mobility of Si atoms, 0.2 ML of Si was
deposited on h-BN at 130 K. At variance with the 300 K

https://doi.org/10.1021/acs.jpcc.2c00694
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Figure 2. (a) Large-scale STM topograph of h-BN/Ir(111) showing the moiré superlattice. Inset: atomically resolved STM image of the h-BN/
Ir(111) moiré superlattice with moiré unit cell indicated by the diamond of black lines. (b) The corresponding FFT image reveals the moiré spots.
(c) The same sample after deposition of 0.2 ML of Si at 300 K; small Si clusters and islands are randomly scattered across the surface. This is also
reflected by the diffuse FFT image in (d). (e) STM image of small Si clusters formed after deposition of 0.2 ML of Si on the clean h-BN/Ir(111) at
130 K. The Si nanoclusters display first signs of order reflected in the appearance of faint moiré spots in the FFT image in (f). (g) STM image of a
Si cluster array formed after deposition of 0.4 ML of Si on the clean h-BN/Ir(111) at 130 K. The Si nanoclusters are quasi-ordered. (h) The
corresponding FFT image shows the moiré spots. (i) Atomically resolved STM image of the Si nanoclusters on the h-BN/Ir(111) moiré. (j) Line
profile across several clusters acquired along the blue line in (i). (k) A distribution of the footprint diameter of the clusters depicted in panel (g).
The image sizes are 60 nm X 40 nm in (a), (c), (e), and (g), 13 nm X 13 nm in (i), and 7.5 nm X 7.5 nm in the inset of (a).

results, Si deposition at 130 K promotes self-organization of Si
into small clusters covering the surface. The previously
observed islands are absent (Figure 2e). Note that STM
imaging is conducted at room temperature. The clusters show
the first signs of order; weak but visible moiré spots can be
discerned in the corresponding FFT image (Figure 2f).

Deposition of 0.4 ML of Si at 130 K improves cluster
ordering and regularity. Figure 2g is an STM image recorded at
room temperature of Si clusters formed after the deposition of
0.4 ML of Si on h-BN at 130 K. The corresponding FFT image
(Figure 2h) shows well-defined hexagonal spots, indicating that
many of the clusters follow the moiré periodicity of h-BN on
Ir(111), forming an imperfect Si cluster superlattice. Several
clusters are displaced from the superlattice points. There is also
a small fraction of clusters occupying more than one lattice
site.

High-resolution imaging of the clusters (Figure 2i) reveals a
cluster structure resembling the molecular orbitals observed on
C clusters,>* fullerenes,>*® and spz-nanodiamonds.‘?’7 This
observation indicates that the Si clusters might be predom-
inantly sp*-hybridized. The observation is in line with the
notion of endohedral Si fullerenes as a stable structural model
for Si clusters consisting of a few tens of atoms.”*™*" In earlier
theoretical studies the most stable cluster motif assumes a
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spherical compact structure, similar to the carbon fullerene
cages. But in contrast to the empty C fullerenes, endohedral Si
fullerenes consist of two shells of atoms. The outer shell is a
fullerene-like sp>-hybridized cage surrounding the inner shell,
which is composed of stable atoms with saturated dangling
bonds.* Figure 2j shows a line profile across several Si clusters
(the location is indicated with the blue line in Figure 2i). The
clusters have a height of about 0.5 nm, indicating a monolayer
or a bilayer atom cage. Moreover, the clusters exhibit a wider
range of lateral sizes (see the distribution of the footprint
diameter in Figure 2k) compared to regular cluster super-
lattices,”"** implying a substantial variation of the number of
Si atoms between different clusters. As is obvious from the
STM and corresponding FFT images of Figure 2, the Si
clusters have inferior order compared to the lattices formed by
Pt, Ir, and C clusters on h-BN/Ir(111).%*°

To determine the preferred binding sites of Si clusters on h-
BN, we intentionally removed several Si nanoclusters with the
STM tip (Figure 3). This is achieved by scanning under low
tunneling resistance conditions, suggesting a weak binding
between Si and h-BN. The underlying h-BN moiré superlattice
becomes again visible after cluster removal but appears to be
defective. Nevertheless, the moiré lattice directions and the
valley regions (darker regions) can be identified; these are the

https://doi.org/10.1021/acs.jpcc.2c00694
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Figure 3. (a) STM topograph after deposition of 0.4 ML Si at 130 K
and imaging at 300 K. In the lower half, the Si clusters have been
removed with the STM tip. The grid of white dashed lines is matched
to the center of the h-BN moiré valleys. (b) Atomically resolved STM
image of the h-BN/Ir(111) moiré superlattice containing point
defects (indicated with the black arrows) at the h-BN mesas. The
image size is 20 nm X 1S nm in (a) and (b).

positions where the overlaid white dashed lines in Figure 3a
cross each other. Surprisingly most of the clusters sit within
mesa regions of the h-BN or are off-centered from the valleys.
This observation suggests a preference toward the binding of Si
to the mesa of h-BN. In comparison, clusters of Pt, Ir, and C
bind at the more reactive valleys, ie., regions where h-BN
hybridizes with Ir.”**> At the mesa regions, it is common to
find point defects already prior to deposition of Si, such as the
ones visible in Figure 3b. The dangling bonds associated with
such point defects and the orientation-specific Si bonds
(contrary to metals) could be the cause of the stronger
binding of Si at these locations. These competing binding sites
lead to the imperfect order of the clusters.

Scanning tunneling spectroscopy was employed to study the
electronic structure of Si nanoclusters on h-BN. Figure 4 shows
numerically derived dI/dV (V) curves obtained on small
(footprint diameter smaller than 1.5 nm), intermediate
(footprint diameter of 2 + 0.5 nm), and large Si clusters
(footprint diameter larger than 2.5 nm) compared to the bare
h-BN regions. Each curve is the result of averaging about 100
obtained on different but similarly sized clusters marked with
blue for small clusters, green for intermediate clusters, and
magenta for large clusters. While hBN exhibits no clear
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Figure 4. (a) Differential conductance dI/dV as a function of bias
voltage V taken on h-BN/Ir(111) (black), small (blue), intermediate
(green), and large (magenta) clusters, marked with the corresponding
color in the topography inset (size: 13 nm X 16 nm). The spectra are
the result of averaging over single spectra recorded at the center of Si
clusters of similar size.

bandgap as a result of the hybridization of h-BN with Ir, the
nanoclusters are clearly semiconductive. The h-BN template
has sufficiently decoupled the nanoclusters from the underlying
metal. Quantum confinement in the nanoclusters leads to an
electronic bandgap that strongly depends on their size. Small
clusters have a bandgap of about 3.4 eV, intermediate of 2.8
eV, and large of 2 eV. For the determination of the bandgaps,
the curves were plotted in a logarithmic scale. The band edges
were then estimated to be the points where the dI/dV signal
starts to deviate with respect to the noise level. These bandgap
values are significantly larger than the energy bandgap of bulk
Si (1.1 eV) and are well within the theoretical calculations for
small amorphous and crystalline Si clusters.*'

Lastly, we have investigated the stability of the Si arrays
upon annealing to high temperatures. Figure 5a shows a large-
scale STM image of a Si nanocluster array formed at 130 K and
imaged at 300 K. Figure 5b is the corresponding FFT image
with the well-defined moiré spots. The quasi-ordered arrays of
Si nanoclusters are stable up to 577 K. Annealing of the
clusters to 577 K has no apparent influence on their size,
shape, density, and order; see the topography in Figure Sc and
the corresponding FFT in Figure Sd. Annealing to higher

https://doi.org/10.1021/acs.jpcc.2c00694
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Figure S. STM topographs and the corresponding FFT images of Si
clusters formed on h-BN/Ir(111) by 0.4 ML Si deposition at 130 K.
(a) The Si clusters were imaged at 300 K. (b) The corresponding
FFT image of the STM image in (a). (c, d) STM image and the
corresponding FFT after annealing to 577 K. (e, f) STM image and
the corresponding FFT after annealing to 677 K. The image size in all
panels is 130 nm X 75 nm.

temperatures leads to degradation of the arrays. Figures Se and
Sf show the STM and its FFT after the sample was annealed
677 K. The clusters arrays have lost their order, apparent from
the weakened moiré spots and the increase of the diffuse
background near the center of the FFT image. Many larger
clusters are found across the surface, suggesting cluster array
degradation through coalescence. Metal cluster arrays on h-
BN/Ir(111) and Gr/Ir(111) degrade also throu%h cluster
coalescence albeit at higher annealing temperatures.”**>**

B CONCLUSIONS

The interaction of Si with the Ir(111) and the monolayer of h-
BN on Ir(111) was investigated with scanning tunneling
microscopy. Submonolayer amounts of Si form a surface alloy

with the Ir(111) with a (/19 X /19) R23° reconstruction.
Deposition of Si on monolayer h-BN on Ir(111) at 130 K leads
to the growth of an imperfect Si cluster superlattice. The
nanocluster superlattice remains stable up to annealing
temperatures of 677 K. The h-BN monolayer effectively
decouples the nanoclusters from the underlying Ir(111)
substrate, allowing to measure their size-dependent electronic
bandgap. Small clusters have a bandgap of 3.4 eV, which
decreases with increasing the size of the cluster, reaching a
value of 2 eV for large Si clusters. We have identified the
preferred Si binding site to be the mesa regions of h-BN, which
is in contrast to the metal and C clusters formed similarly on h-
BN. Point defects at the h-BN mesas possibly cause Si to bind
at these locations.
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