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ABSTRACT We used porous supramolecular structures as templates to make two-

dimensional (2D) superlattices of Bi nanoclusters on a Au(111) surface. First, we applied
on-surface self-assembly to prepare 2D porous supramolecular structures containing
well-ordered nanopores. Then, we deposited Bi atoms on the surface. The Bi atoms were
confined in the supramolecular pores and formed nanoclusters of a critical size that is

defined by the pore size. These nanoclusters were arranged as a 2D superlattice dictated by

the structure of the supramolecular templates. The nanodluster size and superlattice

periodicity can be adjusted by appropriately designing the supramolecular structures. We

further studied the formation mechanism of the nanoclusters. We found that Bi atoms could diffuse across the pore boundaries at room temperature and

nudeated as clusters inside the pores. The clusters grew until they reached the critical size and became stable. We used kinetic Monte Carlo simulations to

reproduce the experimental results and quantified the interpore diffusion barrier to be 0.65 eV.

KEYWORDS: superlattice - supramolecular templates - Bi nanoclusters - scanning tunneling microscopy -

kinetic Monte Carlo simulations

etal nanoclusters have attracted

much attention because of their

unique size- and shape-dependent
optical,"* magnetic> > and catalytic pro-
perties>® Two-dimensional (2D) super-
lattices of metal nanoclusters are expected
to possess tailor-made properties. Their
optical and electronic properties depend
greatly on their structure,’ periodicity,'®
and intercluster spacing.'''® Various ap-
proaches for fabricating nanocluster super-
lattices have been reported.'*~"° For exam-
ple, the dislocation patterns created by strain
relieving can serve as templates for the
formation of highly ordered 2D super-
lattices of nanoclusters on surfaces.'® Graph-
ene and boron nitride moiré patterns can
play the same role, t00.'®'” Reconstructed
7 x 7 Si(111) surfaces were used to form
same-sized nanoclusters of group Ill metals
(Al, Ga, and In)."® 2% Recently, metal—organic
pores were used to agglomerate Fe adat-
oms.>"?2 In this work, we use porous supra-
molecular networks as templates to make
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superlattices comprising uniform-sized bis-
muth (Bi) nanoclusters.

Bi is a main group element possessing
unusual electronic properties, including
low carrier density, small effective mass,
and long mean free path.>>~3° Bulk Bi is a
semimetal and exists in a wide range of
functional materials such as magnets,
superconductors, and thermoelectric and
spintronic materials.3' * Due to size-
induced quantum confinement effects, Bi
nanoclusters exhibit novel electronic and
chemical properties.>>™*° For example, Bi
nanoclusters are the best catalysts for the
solution—liquid—solid growth of diameter-
controlled semiconductor quantum wires
and rods. Recently, the discovery of Bi-based
topological insulators has stimulated inten-
sive interest in this material owing to its
strong spin—orbital coupling effects.*' 3

In this paper, we present an approach to
making superlattices of Bi nanoclusters on a
Au(111) surface. We used three molecules
(see Scheme 1) to form supramolecular
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networks comprising 2D nanopores on a Au(111) sur-
face. Molecules 1 at different surface coverage self-
assembled into a series of networks stabilized by
hydrogen bonds via their carboxyl groups.** These
networks contained same-sized pores that were ar-
ranged in triangular lattices with different lattice con-
stants. Molecules 2 and 3 coordinated with Cu atoms to
form porous hexagonal networks with uniform 2D
pores.***® The Au(111) surface was covered with the
porous supramolecular structures first, which was
then dosed with Bi atoms. The Bi atoms formed stable
nanoclusters in the pores. The nanoclusters were
organized as 2D superlattices on the surface. The size
of the Bi clusters is determined by the pore size, and
the lattice constant of the superlattice is determined by
the lattice constant of the supramolecular templates.
As a result, the morphology and density of the super-
lattices can be adjusted by appropriately designing the
supramolecular structures. We carried out annealing
experiments to investigate the template effects and
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Scheme 1. Chemical structures of the three molecules used in
this study: trimesic acid (TMA) (1), 1,3,5-tris(pyridyl)benzene
(2), and 1,3,5-tris[4-(pyridin-4-yl)phenyllbenzene (3).

propose a mechanism to understand these effects.
Based on the proposed mechanism, we reproduced
the experimental results using kinetic Monte Carlo
(kMC) simulations and quantitatively determined the
energetics of the template effects.

RESULTS AND DISCUSSION

Ata coverage of 0.3 ML (1 ML refers to closely packed
molecules on the surface), molecule 1 formed a homo-
geneous honeycomb network structure, denoted as
the TMA-1 phase hereafter.** This phase contains
hexagonal-shaped pores with an inner diameter of
1.20 nm. Note that the inner diameter is estimated
based on the structural model, taking into account
the van der Waals radius of the atoms. The pores are
arranged in a triangular lattice with a pore-to-pore
distance of 1.65 nm. Figure 1a shows that, after depos-
iting ~0.17 ML of Bi on this sample, the network
structure remained intact, while bright dots showed
up in 26% of the pores. The dots appeared to be very
uniform in shape, height, and size. Their apparent diam-
eter is ~1.24 nm and apparent height is ~0.26 nm
relative to the Au(111) surface. After more Bi was added
to reach 0.33 ML, bright dots appeared in 97% of the
pores, as can be seen in Figure 1b, suggesting that the
bright dots were actually clusters of Bi atoms. We
successively increased the Bi dosage and statistically
analyzed the population of Bi clusters to estimate
the number of Bi atoms in a cluster (see Supporting
Information for analysis details). The number of Bi

TMA-2

TMA-3

TMA-4 TMA-5

Figure 1. STM topographs showing (a) Bi nanoclusters (bright dots) formed in the TMA-1 template (40 x 40 nm?) at 0.17 ML of
Bi; (b) Bi nanocluster superlattice formed in the TMA-1 template (90 x 90 nm?) at 0.33 ML of Bi; and (c) magnified view of a Bi
nanocluster confined in a pore (4.5 x 4.5 nm?). (d) Tentative model showing a Bi nanocluster comprising seven closely packed
Bi atoms (orange spheres) with an atom spacing of 0.33 nm. (e—h) Top row: STM topographs showing Bi nanocluster
superlattices formed in the TMA-2, TMA-3, TMA-4, and TMA-5 templates (20 x 20 nm?). Bottom row: models of the
superlattices where the orange dots represent seven-atom Bi nanoclusters.
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atoms in a nanocluster was determined to be seven. A
model showing seven Bi atoms forming a closely
packed cluster in a pore is shown in Figure 1d, where
the interatomic spacing is 0.33 nm, which is the same
as the lattice constant of Bi bulk crystals. Figure 1c
is a scanning tunneling microscopy (STM) topograph
showing a nanocluster completely filling a pore,
whereas the neighboring pores are empty. This ob-
servation suggests that (1) the Bi atoms can diffuse
across the boundaries of the 2D supramolecular pores
and (2) the Bi cluster that completely fills a pore is
stable.

A series of other network phases, denoted as TMA-n
(n = 2—5), formed when we increased the dosage of
molecule 1 on the surface above 0.6 ML** These
structures contain the same hexagonal pores as the
TMA-1 phase. These pores are arranged in triangular
lattices, but the pore-to-pore distances increase as n
grows. Table 1 lists the lattice constants of the five
structures observed in our study. After being deposited
on these templates, the Bi atoms formed nanoclusters
of the same size in the pores as those formed in the
TMA-1 template. Figure 1e—h shows that the Bi nano-
clusters are organized in superlattices whose period-
icity is defined by the TMA-n templates. The models of
the four superlattices are displayed below the STM
topographs.

Molecule 2 and molecule 3 coordinated with Cu
atoms to form porous metal—organic networks on
Au(111), denoted as 2-Cu and 3-Cu templates, respec-
tively. The 2-Cu (3-Cu) template contains pores with an

TABLE 1. Lattice Constant and Bi Nanocluster Density of
Five Bi Nanocluster Superlattices Formed in the Template
TMA-n (n = 1-5)

template lattice constant (nm) density of Bi nanoclusters (per 100 nm?)
TMA-1 1.65 424
TMA-2 2.55 17.8
TMA-3 3.55 9.16
TMA-4 438 6.02
TMA-5 5.30 4n

inner diameter of 1.9 nm (3.4 nm) that are arranged in a
triangular lattice with a 2.6 nm (4.0 nm) lattice constant.
Figure 2a shows that, after depositing 0.28 ML of Bi on
the 2-Cu template, uniform bright dots appeared in the
pores. The number of the dots increased linearly with
the dosage of Bi (see Supporting Information), thus
these bright dots can also be attributed to Bi clusters.
At a Bi dosage of 0.34 ML, 55% of pores were filled
with the Bi nanoclusters. Figure 2b is a high-resolution
image showing a Bi nanocluster completely filling a
hexagonal pore of the 2-Cu template. A model is drawn
in Figure 2¢, showing that the maximum number of Bi
atoms in a nanocluster was 19 when Bi atoms were
closely packed at an interatomic spacing of 0.33 nm.
Besides the bright clusters, Figure 2b also resolved
some faint features in the pores. These features very
often underwent changes or moved during scanning
(see detailed discussion below). We attribute them to
smaller Bi clusters or moving Bi adatoms. Figure 2d
shows Bi nanoclusters formed by depositing 0.67 ML of
Bi on the 3-Cu template. In this sample, 45% of the
pores were filled with the Bi nanoclusters. In contrast to
Figure 1 and Figure 2a, the nanoclusters formed in this
template are not uniform and do not arrange in a
perfect triangular lattice. Figure 2e is a STM topography
showing a pore filled with a nanocluster. Figure 2f
shows a model of the Bi nanocluster formed in a
hexagonal pore of the 3-Cu template. The 3.4 nm
inner diameter of the pores allowed a maximum of
61 closely packed Bi atoms with an interatomic spacing
of 0.33 nm. Similarly, the faint features in the surround-
ing pores are attributed to smaller Bi clusters or moving
Bi adatoms.

We quantitatively analyzed the cluster size distribu-
tion of the Bi nanoclusters formed in the three types
of templates. The results are plotted in Figure 3. The
nanoclusters formed in the TMA templates display a
very narrow size distribution (black): 87% of the clus-
ters fall within a range of 1.3 & 0.2 nm?, which is slightly
larger than the van der Waals pore size of 1.1 nm? (the
van der Waals pore size is calculated according to the
inner diameter). The size distribution clearly indicates

Figure 2. (a) STM topograph showing a Bi cluster superlattice formed after depositing 0.28 ML of Bi on the 2-Cu template
(90 x 90 nm?). (b) High-resolution STM topograph showing the hexagonal pore and a Bi cluster (7 x 7 nm?). (c) Tentative
model showing 19 Bi atoms closely packed in the pore. (d) STM topograph showing a Bi cluster superlattice formed after
depositing 0.67 ML of Bi on the 3-Cu template (90 x 90 nm?). (e) High-resolution STM topograph showing the larger
hexagonal pore and a Bi cluster (9 x 9 nm?2). (f) Tentative model showing 61 Bi atoms closely packed in the pore.
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Figure 3. Size distribution of Bi nanoclusters formed in
TMA-1 (black), 2-Cu (red), and 3-Cu (blue) templates. The
arrows mark the van der Waals pore size of the three tem-
plates. Inset: Fourier transformation of the TMA-1, 2-Cu, and
3-Cu templates without (top row) and with (bottom row) Bi
nanocluster superlattices.

that Bi nanoclusters with the uniform size can be made
using TMA templates. The size distribution is broader in
the 2-Cu template (red): 30% of the clusters fall within a
range of 3.0 £ 0.2 nm?, in line with the van der Waals
pore size of 3.0 nm? (marked by the red arrow). In the
3-Cu template, the cluster size distribution is even
broader, ranging from 2 to 16 nm? Only about 10%
of the clusters fall in the range of the van der Waals
pore size of 9.0 & 0.2 nm? (marked by the blue arrow).
In Figure 2d, one can see that the supramolecular
templates of 3-Cu were partially distorted after filling
with the Bi nanoclusters. Some parts of the template
contained pentagonal and heptagonal pores that are
smaller or bigger than the perfect hexagonal pores.
This feature explains the broad cluster size in the 3-Cu
templates. To reveal the structural ordering, we pre-
sent in the inset in Figure 3 the Fourier transformation
of the three superlattices and compare them with the
Fourier transformation of the empty supramolecular
templates. The three empty templates all showed six
sharp dots, reflecting their hexagonal structure. The
superlattice formed in the TMA-1 template displayed
six dots that were almost as sharp as those of the
empty TMA-1 template, revealing a highly regular
superlattice structure. The superlattice formed in the
2-Cu template also showed six dots, but the dots are
not as sharp as the empty 2-Cu template. The nano-
clusters formed in the 3-Cu template did not show
any recognizable dots in the Fourier transformation,
corroborating the disordered distributed nanoclusters
observed in Figure 2d.

We performed annealing experiments to test the
thermal stability of the Bi nanocluster superlattices.
The superlattices formed in all three templates be-
haved similarly in response to thermal annealing. At
100 °C, the Bi nanoclusters in the pores gradually
disappeared. In other words, more and more of the
pores that were filled with the nanoclusters became
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Figure 4. Two-dimensional Bi islands formed in the (a) 2-Cu
template (90 x 90 nm?) and (b) 3-Cu template (100 x
100 nm?) after annealing the sample, as shown in
Figure 2a,d, respectively, at 100 °C. (c,d) STM topographs
scanning the same area of the 3-Cu template acquired 5 min
apart (14 x 14 nm?).

empty. In the meantime, compact 2D Bi islands formed
and grew larger. Figure 4a,b presents STM topographs
of the samples shown in Figure 2a,d, respectively, after
annealing at 100 °C. In both samples, almost all pores
were empty and large Bi 2D islands appeared. The
annealing experiments indicate that the Bi nanocluster
superlattices were not thermodynamically stable struc-
tures but were kinetically controlled. The Bi atoms
released from the pores nucleated as 2D islands at
the domain boundaries of the template structures or at
step edges of the Au surface. Expansion of the Bi 2D
islands took up the surface area that was formerly
occupied by the supramolecular templates and disin-
tegrates the latter. Interestingly, on top of the Bi
islands, Cu and molecule 2 or 3 assembled into the
same hexagonal network structures.

Next, we discuss the underlying formation mechan-
ism of the Bi nanoclusters. At submonolayer dosage, Bi
atoms are highly mobile on a bare Au(111) surface at
room temperature. As deposited on the surface that is
covered by the templates, the Bi atoms may be able to
diffuse across the pore boundaries without destroying
the template structure. Figure 4c,d shows two STM
images of the 3-Cu template acquired 5 min apart.
They resolve the dynamics of Bi atoms. A close inspec-
tion of the two images reveals that (1) there are three
faint dots inside the top-middle pore in the firstimage
but none in the second image, (2) the bright cluster in
the central pore has straight and sharp edges that are
parallel to the scan direction, and (3) the pore marked
by the green arrow is empty in the first image but
contains a cluster in the second image: (1) indicates
inside-pore diffusion of Bi atoms; (2) can be explained
by the inside-pore diffusion of Bi clusters because the
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Figure 5. Kinetic Monte Carlo simulation of Bi clusters confined in templates with the diffusion energy barrier of the
molecular potential wells being 0.65 eV:(a) t=1s,T=300K; (b)t=11s,T=300K; (c)t=681s, T=300K; (d) t=999s, T=300K;

(e)t=11sT=353K;(f)t=21s, T=353K.

straight and sharp edges imply that the cluster had
moved away during scanning; (3) provides direct
evidence for the interpore diffusion of Bi atoms.

On the basis of these findings, we propose a me-
chanism for the growth of the nanoclusters in the
templates. Upon deposition, the Bi atoms randomly
land on the surface. Experimentally, we observed that
the Bi atoms do not form 2D islands on the clean
surface, indicating that the Bi—Bi bond is weak and the
diffuse barrier of Bi on the clean surface is low. When
the Bi atoms diffuse across a molecule, they experience
a larger barrier. Thus, the interpore diffusion barrier is
higher. Due to the weak Bi—Bi bond and low diffusion
barrier on the clean surface, the small clusters that
formed inside the pores easily disintegrate into single
atoms if they do not border the pore boundaries.
However, when a cluster completely fills a pore, defined
as the critical size, each edge atom is bound by three
Bi—Bi bonds on one side and faces the interpore diffu-
sion barrier on the other side. These effects trap the
edge atoms and thus stabilize the cluster. At 100 °C, the
templates are still stable,*” while the thermal energy is
high enough for the edge atoms to escape and diffuse
across the pore boundary. As a result, the clusters that
have reached critical size will dissolve at 100 °C.

We used kMC method to simulate the nanocluster
formation in the pores. Three energy terms were taken
into account: the binding energy (E,) between two
nearest-neighboring Bi atoms, the diffusion barrier (Ey)
of the Bi adatom on the clean substrate, and the
interpore diffusion barrier (E;). We ran the simulations
with multiple sets of the three energetic parameters to
reproduce the following experimental observations:
(1) Bi atoms do no form stable islands on the clean
surface at 300 K; (2) Bi atoms can diffuse across the
template boundaries at 300 K; (3) Bi clusters of the
critical size in the pores are stable at 300 K but dissolve
at 350 K. We found that the values of £, =0.10 eV, E4 =
0.30 eV, and E; = 0.65 eV satisfactorily reproduced all
experimental data. Figure 5a—d displays the simulated
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structures at 300 K. Initially (Figure 5a), the Bi atoms
were randomly distributed in the pores and no single
pore was completely filled. Figure 5b shows that the
structures underwent many changes within a short
period of just 10 s. Comparison of the two images
features interpore diffusion of individual atoms, dis-
sociation, displacement, and rotation of clusters inside
the pores. All of these changes are consistent with the
experimental observations presented in Figure 4c,d.
Figure 5c shows that, after 680 s, 12 pores were com-
pleted filled with critical-size clusters, each containing
seven Bi atoms. These clusters were very stable and
remained unchanged at 999 s (Figure 5d), while the un-
filled clusters underwent frequent structural changes.
The formation and stability of the critical-size clusters
in the simulations are in good agreement with the
experimental data. We also ran the simulation at 353 K.
Att=11s, six pores were completely filled with critical-
size clusters (Figure 5e). After 10 s, one-half of these
clusters had dissolved, indicating that the critical-size
clusters were unstable at 353 K. This behavior repro-
duces the structural changes observed in the anneal-
ing experiments.

CONCLUSION

We have demonstrated the growth of Bi nanocluster
superlattices on a Au(111) surface using porous supra-
molecular templates. The nanocluster size and super-
lattice periodicity were dictated by the template
structure, namely, the pore size and pore periodicity.
We propose a formation mechanism involving effec-
tive interpore diffusion for free adatoms and inhibited
interpore diffusion for the edge atoms in the critical-
size clusters. The kMC simulations reproduced the
experimental findings at the interpore diffusion barrier
of 0.65 eV. This value is much larger than the diffusion
barrier of 0.30 eV of Bi adatoms on a clean surface but
allows efficient interpore diffusion at room tempera-
ture. The new strategy could potentially enable the
fabrication of 2D nanocluster arrays on surfaces using
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supramolecular structures as the template. Finally, we
specify an application of the Bi cluster superlattices. It
was demonstrated that periodic potential provided by
molecules with a triangular lattice on a metal surface
can generate massless Dirac fermions, whose character-
istics are tunable by changing the lattice parameters,
known as artificial graphene.*®>° Hughes et al. argued

METHODS

All samples were prepared in an ultrahigh vacuum system
with a base pressure of 3 x 107'° mbar. A single-crystalline
Au(111) substrate was cleaned by repeatedly performing Ar"
sputtering and annealing at 620 °C. Molecules 1, 2, and 3
were deposited onto the Au(111) surface at room temperature.
The evaporation temperatures were 210, 225, and 390 °C for
molecules 1, 2, and 3 respectively. After deposition, the sample
of molecule 1 was annealed to 160 °C and formed networks.
For molecules 2 or 3, the Cu-coordinated networks formed
after depositing Cu on the sample and annealing to 220 °C.
The Au(111) surface was dosed with Bi atoms using a home-
built electron-beam evaporator. The evaporation speed was
~0.17 ML/min. All data were acquired by STM at room tem-
perature in a constant-current mode. All STM data were imaged
with U= —1.1 Vand /= 0.26 nA. The data were processed using
the WSxM software.>

The kinetic Monte Carlo (KMC) simulations were performed
on a hexagonal lattice with periodic boundary conditions using
a previously described algorithm.>®* A honeycomb potential well
was placed on the lattice. A single Bi atom occupied a lattice site.
Fifty percent of the free sites were occupied by Bi atoms in the
simulations. An individual Bi atom can hop to the nearest-
neighbor site within a pore or to a site in the nearest-neighbor
pore. The energy barriers to these two hopping events are
defined by E4 and E;. Two nearest-neighbor Bi atoms are bound
by an attractive bond (Ep).
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