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ABSTRACT: Elemental boron exhibits remarkable polymorphism and strong substrate
dependence in phase formation due to its intrinsic electron deficiency and highly delocalized
bonding nature. These unique characteristics pose significant chance for the controlled synthesis
of well-defined boron-based phases through substrates engineering. In this study, we demonstrate
the structure modulation of monolayer borophene (MLB) with atomic precision by the
adsorption of small boron clusters on Cu(100). Through combined scanning tunneling
microscopy (STM) and first-principles calculations, we identify these small clusters as B, and
reveal their non-close-packed selective adsorption behaviors, which templates the formation of
distinct boron cluster chain configurations. The strong interfacial coupling between B, clusters
and the MLB induces spontaneous migration of boron atoms from dislocation sites, leading to
dynamic and periodic modulation of the boron superlattice in MLB. Our work establishes a novel
paradigm for the bottom-up construction of low-dimensional boron phases and realizes the
periodic superlattice modulation of MLB through adsorption of boron clusters, providing new

insight into fabricating polymorphs of borophene beyond the choice of substrates.

B INTRODUCTION

The electron-deficient nature of boron drives its propensity for
multicenter bonding through electron sharing, resulting in
extensive electron delocalization. This unique bonding
characteristic gives rise to a rich polymorphism in low-
dimensional boron allotropes, manifesting as zero-dimensional
(0D) magic-number clusters'”” and medium-sized boron
core—shell structures,®” one-dimensional (1D) nanoribbons
and nanotubes,'’™"* and two-dimensional (2D) nanosheets
such as borophene."*™"® The resulting structural diversity
endows boron with exceptional physical properties, including
ultrahigh mechanical strength,1 "'7" one-dimensional electron
gas behavior,"® plasmonic excitations,'” and even super-
conductivity,zo_22 which have attracted significant research
interests worldwide. However, the high chemical reactivity of
boron presents formidable challenges for the controlled
synthesis of these low-dimensional allotropes.

Photoelectron spectroscopy studies have revealed that small
boron clusters tend to exhibit planar or quasi-planar
configurations, in stark contrast to the icosahedral B, unit
characteristics of bulk boron.'***~*® Extended boron clusters
are believed to be fundamental precursors to borophene.'**”*

Experimentally, various borophene polymorphs with different Received: October 17, 2025 =JIACIS
hole densities (77) on metal substrates such as Ag(111)/(110)/ Revised:  February 4, 2026
(100),''*9732 Cu(111)/(100),*7%° Au(111),%” Al(111),* Accepted:  February 6, 2026

and Ir(111)*" have been successfully synthesized. However,
the structural characteristics of borophene is critically con-
strained by the substrate commensurability."”*" Specifically,
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the long-range ordering in borophene polymorphs is controlled
by lattice matching and interfacial charge transfer between
borophene and substrate.*” Thus, achieving superlattice
modulation beyond substrate confinement is quite challenging.
This substrate dependence, while useful for accessing certain
phases, inherently limits our ability to tailor borophene’s
superlattice periodicity independently of the substrate’s
constraints. However, it has been theorized that introducing
boron clusters or other boron-rich species onto a borophene
layer could modulate the borophene lattice itself, potentially
enabling in situ superlattice engineering beyond what the
substrate alone dictates.*’ Recently, the periodic and uniform
B cluster is experimentally synthesized on the Cu(111)
supported monolayer borophene.® Of particular interest is the
unique-sized B cluster acting as a precursor for bilayer
formation: once the clusters saturate the specific adsorption
sites on the MLB, a domino-like structural transition results in
the formation of the second layer. But the clusters are tightly
bound at their adsorption sites due to the direct boron—boron
covalent bonding with the MLB, which imposes a constraint
on further structural tuning of the substrate. Challenges still
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Figure 1. (a) STM image of MLB on a Cu(100) surface (scanning set point: I = 300 pA, Vip = —3.5 V). (b) High-resolution STM image of MLB
(scanning set point: I = 100 pA, Vip = —1.06 V). The red rectangle and black parallelogram indicate the basic small unit cell and the large cell of the
supermodulation, respectively. (c) Top view of structural model of MLB. The small pink and big gray spheres represent the boron and copper
atoms, respectively. (d) STM images of boron clusters adsorbed on MLB (scanning set point: I = 100 pA, Vip = 1.2 V). (e) Summary of the
minimum-energy structures of B, (n = 3 to 10) clusters resulting from theoretical studies. (f) Top view (top) and side view (bottom) of calculated
structural models of B, (n = 3 to 10) clusters adsorbed on MLB on Cu(100). The small pink and big gray spheres represent the boron atoms in
MLB and copper atoms in Cu(100) substrate, respectively. The boron clusters are shown in yellow. Spheres in purple indicate boron atoms pulled
up from MLB by interaction with boron clusters. (g) Adsorption energies of boron clusters per cluster, where n is the number of boron atoms in
one boron cluster. (h) Top view (top) and side view (bottom) of structural model of MLB adsorbed with one B, cluster. The B, cluster is shown in

blue.

remain in accurately predicting and experimentally verifying
the optimal substrate—cluster interactions required for such
precise superlattice engineering.

In this work, we successfully achieve periodic modulation of
the MLB/Cu(100) superlattice by depositing boron clusters.
Scanning tunneling microscopy (STM) reveals a nonclose-
packed, preferential adsorption geometry for these clusters that
templates the formation of diverse 1D boron chain structures.
Especially, the strong cluster-MLB interaction drives boron
atoms from the borophene’s intrinsic dislocation sites to hop
concertedly into adjacent vacant sites, leading to the unique
lattice extension and periodic modulating the boron super-
lattice in MLB. Complementary charge and symmetry analyses
(supported by first-principles calculations) confirm the
emergence of interval-locked chain configurations. Below, we
present these findings in detail, combining experimental
observations with theoretical insights to elucidate the
cluster—borophene interactions that drive the superlattice
modulation.

B RESULTS AND DISCUSSION

Characterization of MLB and Boron Clusters on MLB

The MLB was synthesized by depositing boron atoms on a
clean Cu(100) surface, keeping the substrate temperature at
550 K. Figure la shows a large-area STM topography of the
MLB on Cu(100). High-resolution STM in Figure 1b reveals
MLB adopts a rectangle f3,; phase with a unit-cell measuring
5.3 A X 6.0 A (outlined by the red rectangle), and a long-range
supermodulation is observed (black parallelogram), forming a
larger parallelogram superlattice with lattice parameters a
30.7 A, b =202 A, and y = 80.5° in excellent agreement with
prior work. The atomic arrangement of the MLB on Cu(100)
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is shown in Figure 1c, indicatin§ a hexagonal hole density =
1/6 within the outlined region.”® Upon complete coverage of
the Cu(100) surface by the MLB, further boron deposition
leads to the emergence of identical bright spots on the MLB
(Figure 1d), analogous to previous observations for MLB on
Cu(111), where extra boron also yields bright protrusions. In
our case, each spot has a lateral size of 6.5 + 0.3 A and a height
of 110 + 10 pm, indicating the formation of boron clusters
with identical sizes and geometry.

To determine the precise atomic structures of the boron
clusters corresponding to these identical spots at low boron
coverage, we performed density functional theory (DFT)
simulations by placing boron clusters B, (n = 3—18)'#>>*~%
(Figures le and S2) within the f; unit cell of the MLB at
plausible adsorption sites. The relaxed adsorption structures
(Figures 1f and S3) show that among the clusters tested the B,
cluster exhibits the strongest binding to MLB, with an
adsorption energy of —6.561 eV per cluster with reference to
the chemical potential of the boron cluster (Figures 1g and S4)
and —5.889 eV per cluster with reference to the chemical
potential of a single boron atom or boron atom in the bulk
phase (Figure SS), preferring to be a potential nucleation seed.
In its most stable adsorbed configuration, the B, cluster
deforms into puckered, ribbon-like fragments and adsorbs
vertically on the MLB (Figure 1h). Notably, driven by the
strong B,—MLB interaction, two boron atoms from the MLB
substrate pulled out and incorporated into the B, cluster,
forming a By~ cluster anchored to the surface (Figure S6a).
The formation of the anionic By~ cluster is attributed to
preferential adsorption of B, cluster on the electron-rich boron
atoms in MLB, which is further validated by the joint Bader
charge analysis (Figure S7). Further, a multicenter bonding
analysis supports the exceptional stability of the B,-derived
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Figure 2. (3, b) STM images of ordered boron clusters adsorbed on MLB with increasing coverage of boron clusters (scanning set point: (a) I = S0
PA, Vi = 13V; (b) I =100 pA, Vip = —1.2 V). (c) (Left) High-resolution STM image of the ordered boron chain-like structure on MLB
(scanning set point: I = 50 pA, Vy, = 1.3 V) and (right) height profile along the black dash line in (c). (d) Height profile of the ordered boron
structure on MLB along the black dash line in inset. (e) High-resolution STM images of different modes of chain-like boron structure: (top) 2-
mode; (middle) mixed-mode; (bottom) 3-mode. (scanning set point: I = S0 pA, Vip = 2.3 V).

a b RO I ISR SR U RN 60 € d
-6.1 one site Stage 1 Stage 2
° two sites £ Vacuum MLB on Cu(100)
£ 62 * / les & \ on Cuf
@ \ =< é,\
S 63 £\ B3 .
S Aooof v 2
pd v\ )
ey VO -7.0 g - RDS barrier
3 o4 | H 8 \/\ o
3 \/ 3 /
5 gs| a5 \J’/I f \\.
6.6 2 Local Minima \\Q_
T 12345678 910111213141516 ol o
e f
-2058
-2059 - site3 — site2
site7 — site2
< 2061 20601 'W‘
¢ z \
& -2063 > 2002]
2065 “ o0ea] | 08 0;%3 AN
site 2 A = / AR DR \ \
-20674 —site3 S E\V et \‘/;:/ = ‘;:7/3\\./“-,.‘
— site 7 \* *
-2066

Reaction coordinate Reaction coordinate

Figure 3. (a) Adsorption sites (labeled by numbers 1 to 16) in the unit cell of MLB on Cu(100). The green circles labeled with numbers 1 and 2
correspond to the experimental adsorption sites of the ordered boron structure within the unit cell of MLB on Cu(100). (b) Adsorption energies
per cluster of one and two B, clusters on different sites. (c) Four combinations of adsorption sites for two B, clusters within the unit cell of MLB on
Cu(100), labeled from A to D, respectively. (d) Schematic diagram for potential energy surface of boron cluster adsorption on MLB. (&) Minimum
energy pathways during the adsorption of the second B, cluster, from vacuum to site 2,3,7 on MLB, corresponding to (c). The inset shows the
highest RDS barrier for adsorption to site 2. (f) Energy pathways during the migration of the second B, cluster from site 3 to site 2 and from site 7
to site 2, respectively. The inset shows diagram of the migration of clusters. (g) Top: Structural model of 2-mode ordered adsorption of B, clusters
on MLB. Middle: Simulated STM image based on the structural model (g (top)). Bottom: Experimental STM image of 2-mode ordered adsorption
of B, clusters on MLB. The simulated STM image shows very good agreement with the experimental result.

cluster (formed B,~) (Figure S6b), which possesses four 2c—
2e ¢ bonds, seven 3c—2e ¢ bonds, three 4c—2e ¢ bonds, and
one 5c—2e 7 bond with the occupation numbers between ON
1.81 and 1.94 lel. This theoretical result illustrates the
exceptional binding strength of the B, cluster: the cluster not
only covalently bonds to the borophene via B—B bonds but
also scavenges nearby boron atoms, locally extending the
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borophene lattice into the third dimension (albeit by only a
single atomic layer). In the experiments, the STM appearances
of the clusters remained uniform, which suggests that this
incorporation of two substrate boron atoms likely occurs
consistently for each cluster or that the process stabilizes the
cluster without creating distinguishable new features (the
cluster plus two pulled atoms still appears as one “spot”).

https://doi.org/10.1021/jacs.5c18362
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Regardless, identifying the cluster as B, was further supported
by our simulated STM images and energy analyses, as
discussed below.

1D Chain Structure Formed by Constrained Adsorption of
B, Clusters

As the boron coverage increases, the identical bright spots
gradually arrange into ordered, periodic 1D chain-like
structures. Figure 2a,b shows STM images of the surface at
intermediate and higher cluster coverages, respectively, where
the formation of linear arrangements of clusters is evident.
High-resolution STM images (Figure 2c) reveal that within
each chain the bright features occur in two distinct forms:
single isolated spots (which we term “common spot”) and
pairs of brighter, closely spaced spots (which we term “node”).
Based on the number of common spots between adjacent
nodes, the evolving 1D chain-like structures with increasing
boron coverage can be classified into three distinct modes: a 2-
mode chain consisting of a periodic sequence of two spots per
interval (Figure 2e, top), a 3-mode chain with a periodic
sequence of three spots per interval (Figure 2e, bottom), and a
2—3 mixed mode with alternating sequence of two and three
spots (Figure 2e, middle). These modes represent different
chain-ordering configurations of clusters, which evolve from 2-
mode to mixed mode and finally to 3-mode as boron coverage
increases. LEED (Figure S8a—d) and fast Fourier transform
(FFT) analysis of the high-resolution STM images (Figure
S8e,f) confirms that all chains are aligned with the long-axis of
the MLB superlattice’s large unit cell. Notably, regardless of
the chain mode, the interspot spacing within chains and the
interchain separation remain constant. Specifically, for the
exemplar 2-mode chains, the measured intrachain node spacing
(29.8 A, Figure 2d) and interchain distance (19.7 A, Figure 2c)
closely match the lattice parameters of the MLB superlattice’s
large cell (30.7 A X 20.2 A, Figure 1b). This one-to-one
correspondence strongly suggests that the 2D borophene
superlattice serves as a template for the 1D chain structure. In
essence, the position of the B, cluster (both common spots and
nodes) is locked to the underlying periodic “grid” defined by
the MLB’s dislocation network. The constrained arrangement
yields an interval-locked, highly ordered assembly of clusters
that mirrors the intrinsic borophene lattice periodicity.

To further clarify the details of 2-mode chain structure on
MLB, we turned to first-principles calculations to evaluate
possible adsorption sites and cluster interactions. We first
concentrated on the common spots (isolated single B,
clusters). By systematically scanning 16 possible adsorption
sites (labeled 1—16) within the MLB unit cell (Figure 3a)
using DFT calculations, we determined the energy profile
(Figure 3b), revealing that a single B, cluster preferentially
adsorbs at site 1 and site 2 (green circle), with a maximum
adsorption energy of —6.563 eV per cluster. The site 16 with
second highest adsorption energy of —6.497 eV is ruled out
since it owns lower stability than site 1 and site 2 (0.066 eV)
and can hardly form the line-mode as observed in experiment.
For two B, clusters absorbed simultaneously, the most stable
configurations within the 5 unit cell are sites 1-2, 1-3, 1-7
(Figure 3¢, labeled A, B, and C), which exhibit the highest
adsorption energies. The site 3—4 (D in Figure 3c) is ruled out
in the formation of a complete 2-mode structure because it
does not correspond to any observed chain ordering. Notably,
site 1—2 (A in Figure 3c) matches the experimentally observed
orientation of the 2-mode chain. However, interestingly, site
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1-3 (B in Figure 3c) and site 1-7 (C in Figure 3c)
configurations are thermodynamically more stable than site 1—
2 by 0.625 eV/cluster and 0.080 eV/cluster, respectively.
Purely thermodynamically, one might expect the chain
structure to favor site 1—3 or 1—7 arrangements (which do
not directly correspond to the uniform 2-mode pattern). The
absence of those configurations in the experiment hints at
kinetic factors influencing the assembly, as we explored next.

We performed kinetics analysis to understand how the
second B, cluster attaches to a unit cell already containing one
cluster. Specifically, we simulated the process of a B, cluster
coming from a vacuum and adsorbing onto MLB that already
has a B, cluster at site 1, examining different target sites for the
incoming cluster. As shown in Figure 3d, this process occurs
through two distinct stages: stage 1 is the initial adsorption
from vacuum onto the surface without a significant barrier
(essentially a spontaneous capture by the surface potential),
and stage 2 consists of the cluster relocating from its initial
landing position into the final adsorption site, which involves
overcoming one or more energy barrier as it nudges into the
optimal binding configuration alongside the first cluster. The
highest energy barrier encountered in this multistep relocation
defines the rate-determining step (RDS) barrier for the second
cluster adsorption. Analysis of minimum energy pathways
(Figures 3e and S10) reveals striking differences in adsorption
kinetics; adsorption at site 2 requires overcoming an extremely
low RDS barrier of only 0.06 eV. In contrast, site 3/7 presents
significantly higher RDS barriers of 1.31/0.82 eV, respectively.
We further investigated intersite migration pathways (Figures
3f, S11, and S12), finding that migration from site 3/7 to site 2
requires overcoming a 0.83/0.68 eV barrier. Notably, the
intersite migration barrier is lower than the respective RDS
barriers for direct adsorption at sites 3 and 7, suggesting that
even if a cluster initially lands on a less favorable site, it can still
relocate to site 2 given sufficient thermal energy, effectively
funneling the system into the experimentally observed 2-mode
ordering. These results suggest that clusters preferentially
occupy sites that are adjacent but not directly neighboring,
avoiding close packing due to unfavorable energetics. This
explains the absence of a close-packed arrangement of B,
clusters on the MLB.

Then to determine the optimal node configuration, we
systematically evaluated 16 candidate arrangements of two B,
clusters within the periodic dislocation region of MLB, which
is the area where two adjacent clusters (at a node) reside. We
ensure that our trial configurations respected the lattice
matching observed (i.e., the spacing and alignment consistent
with the MLB super superlattice). The energy profile in Figure
S13a reveals that the most stable configuration exhibits an
adsorption energy of —7.510 eV per B, cluster, with the
corresponding atomic structure displayed in Figure S13b. The
adsorption behavior at the node closely resembles that of a
single cluster with the two adsorbed B, clusters forming a
covalent bond between them. Based on the node structure, we
re-evaluated the adsorption energies of two B, clusters, as
shown in Figure S14. The results indicate that the
combinations of sites 1-2, 1-3, and 1-7 within the S
unit-cell yield the three most favorable adsorption energies,
consistent with the scenario where node adsorption was not
considered. Notably, sites 3—4 and 5—6 exhibit lower stability
than site 1-2 by 0.043 and 0.055 eV per B, cluster,
respectively, leading to their exclusion in subsequent analysis.
The optimized structure and simulated STM image of the 2-
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Figure 4. (a) Top: Structural model of mixed-mode ordered adsorption of B clusters on extended MLB. Middle: Simulated STM image based on
the structural model (a (top)). Bottom: Experimental STM image of mixed-mode ordered adsorption of B, clusters on extended MLB. (b) The
potential energy pathway during the migration of a boron atom in the underlying MLB from its original site into the adjacent hole, induced by a B,
cluster (marked in pink) or without a B, cluster (marked in cyan). The insets indicate different configurations during the migration. (c) Diagram of
extension of the unit cell of MLB on Cu(100) with migration of boron atoms induced by B, clusters. MLB is shown in light green, and adsorption
sites within the cell are shown in orange. The original cell and extended cell are marked by red parallelogram and dark blue parallelogram,
respectively. Areas marked by light blue dash lines correspond to periodic dislocations in MLB. Areas marked by gray dash lines indicate those areas

where migrations occur step by step.

mode ordered adsorption of B, clusters on MLB are presented
in Figure 3g, which aligns well with the experimental
observations for the 2-mode configuration.

Selective Modulation of the Borophene Structure

As the boron coverage increases, more complex structures (i.e.,
the 3-mode and the mixed-mode chains) emerge on a larger
scale, but the interchain distance remains consistent with that
of the 2-mode chains. Interestingly, within a single chain, three
common spots exist between two adjacent nodes, resulting in
an intrachain node distance of 38.3 A, exhibiting a difference of
8.5 A compared to the intrachain node distance (29.8 A) in the
2-mode chains, which coincides with the spacing between two
adjacent common spots. Therefore, due to the preferential
adsorption sites from cluster—MLB interactions and observed
chain ordering, we think the underlying borophene beneath
the 3-mode and mixed-mode chains should undergo an
anisotropic lattice expansion along the a-axis. Since the
adsorption sites for nodes maintain strict registry with the
periodic dislocations in the MLB superlattice, the extended
superlattice should incorporate an additional unit cell of the
P13 phase along the a-axis compared to the original structure.
Thus, this expanded superlattice preserves the original
adsorption sites for both common spots and nodes. For the
3-mode chains, the underlying structure consists of a
continuously extended superlattice. In contrast, the mixed-
mode chains should sit on expanded superlattices alternate
with original superlattices along the g-axis. Consequently, all
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these structures keep a strict registry between the chains and
the MLB.

The atomic structures of these extended MLB configurations
are shown in Figure S15a,b, with optimized lattice constant
extending to 38.6 and 69.4 A, respectively. The adsorption
energies of extended MLB on Cu(100) for 3-mode and mixed-
mode are 0.025 and 0.018 eV/atom smaller than the original
MLB (Table S1), respectively. Both configurations demon-
strate an energetic stability. After adsorbing B, clusters, the
adsorption energies of clusters on MLB are calculated to be
—7.247 and —7.285 eV per cluster for 3-mode and mixed-
mode, respectively (Table S2). The corresponding structural
models are consistent with the experimental STM images
(Figure S15c and Figure 4a).

The periodic extension of underlying MLB should be
accompanied by migration of boron atoms on MLB. To delve
into this process, we calculated the energetics of boron atom
migration in the MLB induced by adsorbed B, cluster. Figure
4b plots the potential energy path for a single boron atom in
the MLB hopping from its original site into a neighboring
hexagonal hole. We compared two cases: with a nearby B,
cluster (marked in pink) and without any cluster (cyan). The
upper blue curve shows that the energy barrier of this
migration without B, clusters is 1.03 eV. But the presence of B,
clusters renders this process kinetically spontaneous. The inset
illustrates representative atomic configurations along the
migration pathway, indicating that B, adsorption actively
pulls boron atoms from dislocation sites into new position
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under the cluster and effectively extends the borophene lattice
locally.

Figure 4c provides a schematic diagram of how these
migrations extend the unit cell of MLB on Cu(100). The
original MLB cell (red parallelogram) and the extended cell
(dark blue parallelogram) are shown. Light green spheres
denote the MLB lattice; orange spheres denote the preferred
adsorption sites for B,. Light blue dashed lines indicate the
periodic dislocations in the MLB, and gray dashed lines mark
the sequence of migration steps. In essence, each B, cluster
induces a local expansion of the MLB lattice by pulling boron
atoms from dislocation sites into its vicinity. When this effect is
repeated periodically across the surface, that is, when many B,
clusters adsorb at the regularly spaced dislocation sites, it
produces the long-range superlattice modulation, as observed
in our experiments. The boron chain motifs that become
“locked” between clusters are a direct consequence of this
anisotropic lattice expansion.

Here, we can understand this anisotropic lattice expansion
process from a structural perspective. Within the boron
superlattice, the hexagonal holes around each 6-fold coordi-
nated boron atom are uniformly distributed, leading to
randomly oriented hopping, averagely resulting in no net
structural distortion, preserving the original configuration.
However, in dislocation regions, the disparate hole distribution
around 6-fold coordinated boron atom introduces directional
preference in atomic hopping, leading to anisotropic lattice
extension as experimentally observed. The B, clusters
effectively trigger and guide this migration. In fact, B, clusters
exhibit higher adsorption energy (per cluster) at sites along the
dislocation lines than at other sites, indicating that the cluster-
MLB interaction is strongest in those regions. This enhanced
interaction is precisely what promotes the preferential pulling
of boron atoms and the consequent lattice distortion there.

The distinct adsorption configuration of the B, cluster
induces a periodic modulation of the MLB superlattice that
would not occur on the bare substrate alone. This cluster-
directed lattice engineering provides an effective strategy to
overcome substrate-imposed constraints during borophene
growth. By using adsorbed clusters to reshape the monolayer
in situ, we achieve a new level of structural control: a
periodically extended boron lattice with 1D chain incorpo-
rations that break the translational symmetry in a controlled
fashion.

B CONCLUSIONS

In summary, we successfully synthesized atomically small
clusters in the B, size range on an MLB/Cu(100) surface,
demonstrating their selective covalent attachment to MLB
through B—B bonding to form 1D chain-like structures. With
increasing boron coverage, we observed three distinct chain
structure modes, all maintaining fixed interspot distances
(between adjacent common spots) and consistent interchain
spacing. Such distinct chain structures result from the
directional and periodic modulation of the MLB superlattice
through spontaneous concerted migration of boron atoms
within adjacent hexagonal sites due to the strong B,—MLB
interaction. The detailed charge and symmetry analysis of
MLB on Cu(100) reveals the site-dependent adsorption
behavior, resulting in the formation of interval-locked chain
structures. Our findings provide fundamental insights into
cluster—substrate interactions, revealing boron’s rich structural
polymorphism while establishing a novel approach for
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controlled growth of substrate-supported borophene through
cluster adsorption.

B METHODS

Experimental Methods

The experiments were performed in an ultrahigh vacuum (UHV)
MBE-STM system. The clean single-crystal Cu(100) substrate was
prepared by repeated cycles of Ar* ion sputtering (with 2.5 keV
energy at 2.0 X 107° Torr) and postannealing at ~800 K. The growth
of borophene and boron cluster was performed by evaporating pure
boron (99.9999%), using a commercial electron-beam evaporator,
onto the Cu(100) substrate in the MBE chamber with a base pressure
of approximately 4.5 X 107'° Torr. During boron growth, the
Cu(100) substrate was kept at ~550 K. The STM/scanning tunneling
spectroscopy (STS) measurements were all performed at the liquid
nitrogen temperature using a commercial Pt/Ir tip in the STM
chamber (~4.1 X 107"! Torr). The WSxM software was used for
image processing.

Calculation Details

We used density functional theory (DFT) combined with the
projector augmented wave (PAW)**® potential, as implemented in
the Vienna ab initio simulation package (VASP),*° for all
calculations. The treatment of the exchange—correlation functional
is within the generalized gradient approximation (GGA) using the
Perdew—Burke—Ernzerhof (PBE) functional.”' The energy cutoff of
500 eV is selected, and a I'-centered Monkhorst—Pack k-point mesh
featuring a k-space density of 27 X 0.04 A™' is employed. To prevent
any unintended interactions, a vacuum spacing of 20 A is set. The
electronic self-consistent loop was converged to 107 eV and the
convergence criteria for structure relaxations were set at 0.01 eV/A,
respectively. Dispersion corrections are included by the well-
established Grimme’s D3 method. The minimum energy paths are
searched based on the climbing-image nudged elastic band (CI-NEB)
method®” with convergence criteria of 0.05 eV/A for force. The
structural models contain two Cu metal layers with the bottom layer
fixed. The simulated STM image is obtained based on the Tersoff—
Hamann theory and was visualized interfaced with the p4VASP
package under the constant current mode.”® The restricted B3LYP
method and 6-31G(d,p) basis set are used to calculate the By~ boron
clusters using the Gaussian 16 program.”*™>° The AANAP analysis
was plotted using the Multiwfn.’” The first-principles molecular
dynamics simulations are carried out at 550 K in the microcanonical
ensemble with a time step of 1 fs.

The borophene layer was stretched and compressed to match the
in-plane lattice constants of the underlying Cu(100) substrate. The
Cu(100) lattice constant was kept fixed with lattice constant of (a =
30.7 A, b=20.2 A, and y = 80.5°). The specific borophene polymorph
we studied has an equilibrium lattice constant of (a = 29.5 A, b = 20.2
A, and y = 80.2°) when freestanding. When commensurated with the
Cu(100) surface, it experiences a quasi-uniaxial strain of approx-
imately 4.1% in the a direction.

To evaluate the thermodynamic stabilities of boron clusters on
MLB, the average adsorption energy per cluster E,q, is defined as [E,,
— (m-Egyster + Emus + Eca)]/m, where E,, is the total energy of boron
systems on Cu(100) substrate, Ey,q., is the energy of different boron
cluster, Eyy  is the energy of different MLB, and E, is the energy of
Cu(100) substrate. m is the number of boron clusters in a large unit
cell. To describe the interaction between boron systems and Cu(100)
substrate, average adsorption energy per boron atom E 4 is defined as
[Ewot — (Emus + Ecu)]/Ng, where E,, is total energy of boron systems
on Cu(100) substrate, Eyy 5 is the energy of different MLB, and E, is
the energy of Cu(100) substrate. Nj is the number of boron atoms in
a large unit cell. To calculate the adsorption energies of boron clusters
on Cu(100) substrate with reference to the chemical potential of a
single boron atom or boron atom in bulk boron, the average
adsorption energy per boron atom is defined using the formula EJ;, =
[Ewt — (Enup + Ecw)]/Ng — Egorony Where Eg .. is the chemical
potential of a single boron atom or boron atom in bulk boron, which
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is a constant. The stability of free-standing borophene is characterized
by the average energy per boron atom Ej, which is defined as Eyy p/
N
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