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Growing and Nanomanipulating Heterostructures of a-
Bismuthene in a Nearly Isolated State

Antonio J. Martinez-Galera,*2b< José M. Gomez-Rodriguez b9 +

The growth of vertical heterostructures including bismuthene, with the lowest possible coupling to the adjacent materials,
is pursued to fully exploit the exceptional properties intrinsic of the 2D allotropic forms of Bismuth. Here the growth of
vertical heterostructures of ultrathin a-bismuthene and one-atom-thick h-BN layers supported on Rh(110) surfaces is
reported. The scanning tunneling microscopy (STM) characterization shows that sample morphology is dominated by the
presence of ultrathin a-bismuthene islands, with a lower thickness limit of two paired bilayers, randomly scattered over the
h-BN surface. Unlike what has been observed in other heterostructures combining a-bismuthene with different 2D
materials, which only admit specific relative angles between the atomic lattices of both constituents, any in-plane
orientation of the Bi structures grown here with respect to the underlying h-BN/Rh(110) surface is possible, although certain
twist angles are preferred. The larger rotational variety found in this study suggests a weaker interaction between
bismuthene and h-BN, meaning that these islands could be the 2D Bi nanocrystals weaker coupled to a substrate reported
till now. Additionally, pursuing an accurate control over the density, height and orientation of the islands over the h-
BN/Rh(110) surface, they have been nanomanipulated by using the STM tip.

Introduction

Van der Waals heterostructures have provided a platform to
observe novel physics, and currently hold high expectations
facing a future implementation as building blocks in future
technology 8. The van der Waals epitaxy inherent to the
formation of such structures allows the 2D materials in the
heterostructure to retain most of their intrinsic properties, and
avoids the stress associated to the lattice mismatch of
conventional heteroepitaxy °. Atomically thin layers of Bi, for
which properties as quantum size effects, Dirac cones,
topological edge states, and large spin-orbit coupling have
been reported, constitute a fascinating subject of study within
the 2D materials family 10-13,

The most stable configurations of ultrathin Bi films are the
hexagonal Bi(111) and the pseudocubic Bi(110) structures. The
former, also known as B-Bismuthene 14, is characterized by a
honeycomb arrangement. On the other hand, Bi(110) structure,
also known as a—Bismuthene 14, can follow, either a stack of
bulk truncated Bi(110) planes, or a black phosphorus (BP)-like
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arrangement, in which the establishment of interlayer covalent
bonds by forming paired bilayers allows to saturate all dangling
bonds of the two (110) planes >. While in the first case islands
with both even and odd number of layers can be found, the
latter only admits islands comprising an even number of atomic
planes 16,

Previous studies of van der Waals heterostructures comprising
ultrathin Bi films are scarce, and have been restricted mainly to
the cases, in which they are combined with either graphenel’-%?
or different 2D transition metal dichalcogenides as, for instance,
HfTe,?0, TiSe,?!, and NbSe, ?2. In these cases Bi was arranged
into the oa-bismuthene structure, which was found to be
oriented along specific directions of the 2D material placed
below. It suggests that, although weak, the interaction between
a-bismuthene and these 2D materials is sufficient to force the
former to be oriented along specific angles with respect to the
atomic lattice of the other constituent of the heterostructure. It
opens the door to question whether it is possible to go further
away by achieving heterostructures with weaker interaction
between bismuthene and the other 2D material.

Despite the convenience of using an insulating support to
pursue a weak interaction with other 2D materials placed on
top, enabling to exploit better their intrinsic properties 23 24,
ultrathin bismuthene films have been reported mostly on
conducting and semiconducting surfaces. On the other hand, it
should be also taken into account that the properties of
ultrathin Bi films are strongly dependent on the thickness 1% 25,
Additionally, pursuing a collective response of the
heterostructures, other key factors potentially influencing the
overall performance are the density of Bi islands and the
possible coexistence of ones differently oriented over the
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supporting surface. Nevertheless, in all the cases mentioned
above, the as-grown films were randomly scattered over the
surface and exhibited different in-plane orientations and a
variety of heights for a given amount of Bi. Therefore, top-down
approaches allowing to avoid the coexistence of islands with
different heights and in-plane orientations, as well as to control
the density of islands, are required to fully exploit all the
potential of these Bi based heterostructures. Here the first
heterostructures comprising ultrathin bismuthene films and
one-atom-thick layers of the insulating material hexagonal
boron nitride (h-BN) are reported. Specifically, Bi islands
exhibiting an a-bismuthene atomic arrangement have been
grown under ultrahigh vacuum (UHV) conditions on h-
BN/Rh(110) surfaces. This supporting surface was chosen to
pursue the goal of achieving a-bismuthene layers with minimal
interaction with their local environment. Thus, to ensure that
the intrinsic dielectric properties of h-BN, which make this 2D
material an excellent decoupling layer, are preserved to the
greatest extent, it must be grown on metal surfaces giving rise
to a weak interfacial coupling. In this sense, previous research
has demonstrated that the symmetry mismatch between the
atomic arrangements of the Rh(110) surface and 2D materials
such as graphene and h-BN allows these materials to retain
most of their intrinsic properties when grown on top.2¢2° The
study of the rotational variety of a-bismuthene on h-
BN/Rh(110) performed in this work suggests the weakest
coupling found till now between bismuthene and any other 2D
material. This success in the growth of nearly isolated a-
bismuthene could be key for future applications, considering
the intrinsic properties of this 2D material. For instance, ideal
2D alpha bismuthene exhibits robust quantum spin Hall states
and a band gap linked to the bulk bands. Because of these
properties, this 2D material is promising for applications in
spintronics, such as long-distance spin transport and spin-to-
charge conversion, as well as in topotronic devices operating
efficiently at room temperature.3® Furthermore, the as-grown
islands have been accurately manipulated by using a top down
approach, offering the ultimate control on their spatial
distribution by means of the scanning tunneling microscope
(STM) tip.

Experimental

We Experiments were performed in an UHV system, hosting a
home-built STM for the atomic-scale analysis of samples. 3132 This
experimental system is also equipped with a Low Energy Electron
Diffraction (LEED) optics as a complementary tool for sample
characterization.

Rh(110) single crystal were prepared by Ar*
bombardment with an energy of the incident ions of 1keV,
followed by annealing to 1200 K at an oxygen partial pressure of
2x10° Torr. Afterwards, the sample was further heated at 1200 K,
during 300 s, and flash annealed to 1370 K. Over the so-obtained
Rh(110) surfaces, h-BN monolayers were grown by chemical
vapor deposition (CVD), using borazine (BsN3Hg) as precursor.
Specifically, the surface of the Rh(110) supports hold at 800 C, was
exposed to a borazine partial pressure of 3.5x10°® Torr during 35

surfaces
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minutes. Then, Bismuthene growth was carried. out.by.Bi
sublimation from a Knudsen cell type eV4porat8soamtyREHaZAE
BN/Rh(110) samples at room temperature.

STM data were acquired and represented by using the WSxM
software 33. STM imaging was performed at the constant current
mode with the bias voltage applied to the sample, while the tip
was grounded.

Results and discussion

Figure 1 shows representative STM images illustrating how
sample morphology varies with the amount of Bi deposited over
the h-BN/Rh(110) surfaces. As observed, at low coverages Bi
arranges into islands with almost regular shapes, which are
found scattered over the h-BN/Rh(110) surfaces. At larger Bi
coverages, the resulting islands tend to exhibit markedly
elongated shapes. And finally, larger deposited amounts of Bi
give rise to a network of islands, which become interconnected.
Besides the geometry and spatial distribution of islands, their
heights also vary with the amount of Bi deposited, with larger
heights observed as the quantity of Bi increases.

The variation of sample morphology with the Bi coverage is
consistent with a Volmer-Weber growth mode, which is
generally associated to a larger interaction between adatoms
than between them and the substrate. In turn, the nearly
regular shapes of the islands suggest that Bi atoms are packed
into a well-ordered structure due to cohesive interactions. This
atomic packing will be further discussed along the analysis of
the data summarized in Figure 2. Additionally, the in-plane
orientation of the Bi arrangement with respect to the h-
BN/Rh(110) surface underneath will be analyzed in Figure 3.

a) b) c)

50nm
[nanal

Figure 1. Spatial distribution of Bismuthene islands. a)-c) STM
images illustrating the evolution of sample morphology with
increasing the Bi coverage deposited over the h-BN/Rh(110)
surfaces. The greenish hue observed in STM images is
associated with the h-BN surface, while the pinkish tones
correspond to islands of a-bismuthene, which have larger
heights as the lighter the observed tone is. Tunneling
parameters: a) Vs = +1.0 V; I = 0.1 nA, size: 290 x 290 nm?; b) V,
=+1.0V; I = 0.1 nA, size: 290 x 290 nm?; ¢) Vs =+1.0 V; I; = 0.1
nA, size: 290 x 290 nm?2.

Figure 2 summarizes the experimental findings about the
internal structure of the islands. Specifically, Figure 2a shows an
atomically resolved STM image acquired on the surface of a Bi
island. A motif with rectangular geometry and lateral
dimensions of 5.5 x 5.8 nm? is observed. This rectangular
structure is also displayed in the STM topograph of Figure 2d,
which was acquired around the edge of the island imaged in

This journal is © The Royal Society of Chemistry 20xx
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Figure 2c. Concerning the vertical dimensions of the atomic
packing, the apparent heights of the islands are roughly integer
multiples of 0.65 nm, as shown in Figure 2b.

The existence of an ordered layout with well-defined lateral and
vertical dimensions is a clear indication that the atomic
arrangement proceeds according to a specific crystal structure.
To interpret the information provided in Figure 2 about the
atomic packing within the islands, it is convenient to keep in
mind the crystal structure of bulk Bi. Specifically, Bi crystal can
be understood as a rhombohedral arrangement with two atoms
per unit cell 34. The (110) plane of this structure is characterized
by a rectangular lattice with lateral dimensions of 4.45x4.75
nm?, comprising two atoms with slightly different heights along
the normal to the plane 3%. Both the atomic ordering and the
lateral dimensions of the Bi motif grown here are consistent
with that picture, suggesting that Bi arranges over the h-
BN/Rh(110) surface following a similar packing than that of
(110) planes of bulk Bi. Interestingly, throughout the structural

iiust margins
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analysis conducted in this work, a domain boundary,wasneyver
observed within any of the islands studied. Thig3HayNRaieate
that the islands are single crystals.

Concerning the vertical dimensions, as above mentioned, the
apparent heights of the islands are found to invariably be
integer multiples of 0.65 nm, which roughly coincides with two
times the separation distance between four consecutive (110)
planes in bulk Bi. This fact together with the experimental
findings, discussed in the preceding paragraph, constitute a
clear indication that islands are composed of stacks of o-
bismuthene paired bilayers, consistently with an atomic
arrangement according to a BP-like structure. Accordingly,
similar arrangements of Bi have been previously observed on
other 2D materials as graphene 7-19, HfTe, 2, TiSe, 2, and NbSe,
22 |n these cases, the preference for the coupling into bilayers
was ascribed to the establishment of interlayer bonds between
undercoordinated Bi atoms, avoiding the presence of dangling
bonds (see Figure 2e).
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Figure 2. Internal structure of Bismuthene islands. a) Atomically resolved STM image displaying the atomic arrangement of Bi
atoms in the surface of a Bi island; b) STM image displaying bismuthene islands scattered over a h-BN/Rh(110) surface (top panel),
and topography profile along the orange line (bottom panel); ¢) STM image acquired over a region encompassing a Bismuthene
island; d) Atomically resolved STM image acquired within the region indicated by the square overlaid in c), where it is observed
the atomic arrangement around the island edge. e) Schematic representation of a-bismuthene planes stacked forming two paired
bilayers The greenish hue observed in the STM images is associated with the h-BN surface, while the pinkish tones correspond to
islands of a-bismuthene, which have larger heights as the lighter the observed tone is. Tunneling parameters: a) Vs =+1.21 V; Iy =
0.31 nA, size: 8 x 8 nm?; b) Vs =+1.0 V; Iy = 0.1 nA, size: 290 x 290nm?; ¢) Vo = +1.0 V; 1 = 0.1 nA, size: 40 x 40nm?; d) Vs =0.12 V; It
=4.53 nA, size: 4 x 4 nm?2,
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Once the internal structure of the islands has been addressed,
Figure 3 tackles the analysis of possible preferred relative
orientations between the atomic packing of Bi and the
underlying h-BN/Rh(110) surfaces. Specifically, Figure 3b shows
a LEED pattern acquired on a sample with a-bismuthene islands
grown over a h-BN/Rh(110) surface. As a reference to better
interpret it, a LEED pattern representative of single layer h-BN
grown on Rh(110) is provided in Figure 3a, where two sets of
spots with hexagonal symmetry associated, respectively, to the
atomic lattices of the equivalent rotational domains R-26.3 and
R-33.7 are observed (see blue and red dashed arrows) 2628, The
comparison of both patterns shows that the diffraction features
arising after the growth of the a-bismuthene islands consist of
a circumference and two sets of well-defined spots (see blue
and red solid arrows), whose origin is discussed in the next
paragraph.

A schematics providing a possible interpretation of the different
diffraction features observed in the LEED patterns obtained
after the growth of the a-bismuthene islands is shown in Figure
3c. According to this picture, the green circumference
represents the wide rotational variety of a.-bismuthene over the
h-BN/Rh(110) surface. Amongst this variety, the set of spots
represented by blue circumferences is associated to the
orientation of the a-bismuthene unit cell with the longer side
aligned, or nearly, with a zig-zag direction of the R-26.3
rotational domain of h-BN over the Rh(110) support.
Accordingly, the shorter side of the unit cell must be parallel, or
nearly, to the armchair direction of h-BN. Likewise, their
counterpart spots represented by the red circumferences are
associated to the same Bi arrangement over the R-33.7
rotational domain of the h-BN/Rh(111) surface. The existence
of the circumference highlighted in green shows that any
orientation between the atomic lattices of a-bismuthene and
the underlying h-BN surface is found to coexist in the samples.
This finding contrasts with the previously available literature
reporting that a-bismuthene exhibits only specific orientations
with respect to the 2D material placed underneath. For
example, in the case of monolayer graphene grown on SiC, the
zig-zag directions of the Bi(110) planes grown on top were
found to be nearly aligned with the armchair directions of
graphene.? Likewise, the rectangular unit cell of Bi(110) was
reported to be rotated by 45° relative to the hexagonal
arrangement of HfTe,.2° When grown on TiSe,, the rectangular
layout of Bi(110) was observed to align with the packing
direction of the outermost Se atoms.?? In the case of NbSe,, a
combination of STM and density functional theory (DFT)
suggested an atomic arrangement in which the shorter axis of
Bi(110) aligns with the zig-zag direction of NbSe,.?? The
unprecedented rotational freedom of a-bismuthene found in
the present work suggests that its interaction with h-BN is
among the weakest reported for this 2D material in relation to
its supporting surface, if not the weakest. This weak interaction
is primarily attributed to van der Waals forces. It is consistent
with the behavior seen in both h-BN and a-bismuthene, which
are two-dimensional layered materials where the interactions

4 | Nanoscale, 2024, 00, 1-3
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between their respective atomic layef3Ohre 1preddmfinamiy
governed by van der Waals forces.
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Figure 3. Relative orientation between the a-bismuthene lattice
and the h-BN/Rh(110) support underneath. a) LEED pattern
representative of the as-grown h-BN/Rh(111) surfaces; b) LEED
pattern acquired after a-bismuthene growth on h-BN/Rh(110);
c) schematics illustrating the origin of the different diffraction
features observed in the LEED pattern shown in panel b).
Electron energy a)-b) 40 eV.

As outlined in the introduction, exploiting the full potential of
the exceptional properties of a-bismuthene sometimes will
require to control the density and the type of the islands,
pursuing a collective effect. Figure 4 displays a sequence of STM
images acquired on the same region of a sample along
sequential removal of the islands. To this end, after the
acquisition of each image, the scan was stopped and the tip was
placed over the Bi island to be removed. Afterwards, the
feedback loop was opened and the tip was approached towards
the selected island. After retracting back the tip, connecting

This journal is © The Royal Society of Chemistry 20xx
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again the feedback loop, and enabling the scan over the same
sample region, the selected island was no longer over the
surface. As examples, Figure 4b,c show two STM images
consecutively acquired after the removal of the islands
highlighted in Figure 4a and 4b, respectively. Each yellow
circumference indicates the island that was removed after the
acquisition of the image, while the end of the arrow in the
consecutive topograph points towards the empty room left
behind after the removal. As observed, islands are removed
regardless their high, position or orientation (see also the
supplementary information for the whole sequence).
Therefore, this procedure can be used to control accurately the
density and the type of islands resting over the h-BN/Rh(110)
surface. In line with this, as inferred from apparent heights
profiles as that displayed in Figure 2b, uniform thickness in the
as-grown films is not directly achievable as islands with varying
heights are found to coexist over the h-BN/Rh(110) surface.
Consequently, the island removal procedure could be used, for
instance, as a top-down approach allowing to achieve thickness
uniformity in a given region of the h-BN surface by keeping only
these islands matching the desired height.

a) b) c)
SESSEEEEEEEEEEEEEDS

20nm 20nm 20nm

Lassl Eanal A~

Figure 4. Nanomanipulation of a-bismuthene islands. a)-c)
Sequence of STM images acquired after the consecutive
removal of two islands. In each image, the yellow circumference
highlights the island removed after stopping the scanning, while
the arrow in the next topograph indicates the empty room left
behind after the removal. The greenish hue observed in the STM
images is associated with the h-BN surface, while the pinkish
tones correspond to islands of a-bismuthene, which have larger
heights as the lighter the observed tone is. Tunneling
parameters: Vs =+0.39V; I; =0.1. nA, size:160 x 160 nm? for the
three images.

Conclusions

In summary, o-bismuthene islands are grown under UHV
conditions on one-atom-thick h-BN resting over Rh(110)
supports. Islands exhibit varying thicknesses as a function of the
deposited amount of Bi with the lower limit of a paired bilayer.
Atomically resolved STM images acquired over the islands show
a rectangular layout with two atoms per unit cell, which is
characteristic of Bi(110) planes. LEED patterns demonstrate the
existence of preferred in-plane relative orientations between
both constituents of the heterostructure, although they also
show that every twist angle between the atomic structures of
a-bismuthene and h-BN is found over the supporting Rh(110)

This journal is © The Royal Society of Chemistry 20xx
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surface. This rotational variety is unprecedented o for
heterostructures of o-bismuthene gFSWA0 18R/ [AHNE4921D
materials. It suggests that these bismuthene islands are the
ones weakest coupled to the 2D material placed underneath
reported to date. By a top down approach based on
nanomanipulation with the STM tip, the spatial distribution of
the islands is accurately modified, allowing to select the density,
size and relative orientations of the a-bismuthene-h-BN
heterostructures that remain over the metal support.
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