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Abstract
Antimony oxide nanostructures have been identified as candidates for a range of electronic and
optoelectronic applications. Here we demonstrate the growth of 2-dimensional antimony oxide
nanostructures on various substrates, including highly oriented pyrolytic graphite (HOPG),
MoS; and «-Bi(110) nanoislands. Using scanning tunneling microscopy (STM) we show that
the nanostructures formed are exclusively highly crystalline a-Sb,O5(111) monolayers with a
lattice constant of 796 pm 4 7 pm. The nanostructures are triangular with lateral dimensions of
up to ~30 nm. Even though elemental antimony nanostructures are grown simultaneously mixed
phases are not observed and both materials exhibit their own distinct growth modes. Moiré
patterns are also observed and simulated, allowing confirmation of the atomic unit cell and an
understanding of the orientation of the Sb,O5 structures with respect to the supporting materials.
As in the bulk, the Sb,O3 nanostructures are formed from Sb,Og molecules that are weakly
interacting through van der Waals forces. This allows physical modification of the nanostructures
with the STM tip. Scanning tunnelling spectroscopy reveals a wide band gap of at least 3.5eV.
Finally, we show that possible alternative structures that have unit cells comparable to those
observed can be excluded based on our DFT calculations. The considered structures are a 2 x 2
reconstruction of 3-Sb with one vacancy per unit cell and a van der Waals solid composed of Sby
clusters. Previous reports have predominantly demonstrated Sb,O3 structures with much larger
thicknesses.

Supplementary material for this article is available online

Keywords: antimony, antimony oxide, antimony allotropes, 2-dimensional inorganic molecular
crystals, van der Waals heterostructures, reconstructed structures
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1. Introduction

The emergence of two-dimensional materials as a key focus
for modern materials science is driven both by potential
applications and novel science. Potential application spaces
include nano-electronics (opto-)electronics, catalysis and
electrochemistry [1-3]. The vast potential is in no small part a
consequence of the weak van der Waals (vdW) interactions
between layered 2D materials, where the vdW interaction
largely preserves the individual properties of the layers and
thereby allows engineering of the properties of hetero-
structures [4].

Recently, it has been recognized that the same principles
might be used for the construction of new 2D materials that
are themselves comprised of vdW-bonded molecular (0D)
building blocks. In particular, small inorganic molecules are
promising since electronic transport via quantum tunneling
and flexibility in the design of the building blocks might
allow engineering of materials with unique and customized
properties [5]. Among these materials, antimony trioxide
(Sb,03) has been identified as a semiconductor that is parti-
cularly promising for electronic or optoelectronic applications
due to its wide band gap (=3.3eV) [6-9].

The so-called a-phase of Sb,05 is the most stable at low-
temperature [9] and consists of Sb4Og molecules (sometimes
called ‘cages’) in which the four Sb atoms occupy the vertices
of a tetrahedron and the six oxygen atoms bulge slightly
outward from the edges (see figure 1(a)). Bulk a-Sb,Oj3 is a
wide band gap semiconductor with a cubic crystal structure
consisting of an alternating arrangement of these cages
(figure 1(b)).

The fabrication of a-Sb,05 thin films has only recently
been reported [5, 11-14]. Lateral sizes up to a few tens of
microns were achieved but the observed structures were
typically relatively thick (multilayers with up to 80nm
thickness [5]) and structures in the single to few-monolayer
regime were only rarely observed [5, 11, 12]. Several dif-
ferent approaches to growth have been explored, and it was
reported that a passivator was required to prevent the het-
erophase nucleation i.e. in order to ensure growth of the a-
phase in preference to other phases of the oxide [5]. Growth
of a single phase without resort to a passivator, and consistent
growth of structures with a single thickness (especially single
monolayers), are remaining unsolved challenges.

Here we report the growth of monolayer a-Sb,O3(111)
nanostructures alongside 2D «- and (-antimonene layers on
various supporting substrates. We report a remarkable growth
mode in which Sb and Sb,05 structures are formed simulta-
neously without significant intermixing. Scanning tunneling
microscopy (STM) and spectroscopy (STS) was used to
reveal the 2D crystal structure, moiré patterns (MPs) and the
band gap of the nanostructures. Our experimental results are
further supported by band structure calculations which also
allow possible alternative explanations using 2D structures
based on pure Sb to be discarded.

2. Methods

We present here results obtained using highly-oriented pyr-
olithic graphite (grade-1 from SPI supplies) (HOPG) as a
substrate, but essentially identical structures were observed
for growth on MoS,. The HOPG was cleaved, immediately
transferred to our ultra-high vacuum (UHV) system and
degassed for 16 h at 773 K. Samples were then prepared by
first depositing ~1.2 ML of Bi (99.999%) from a Knudsen
cell (T = 723 K) onto the substrate, which was held at room
temperature, followed by ~0.6 ML of Sb (99.999%, crucible
at 574 K during deposition). It is likely the Sb source is
oxidized when the UHV chamber is vented providing a
source of SbyOg—see discussion below. Using an Omicron
VT AFM/STM (P <5 x 10" '“mbar) and Pt/Ir tips we
carried out imaging and spectroscopy (STS) experiments at
295 and 50 K. Standard lock-in methods were used for STS,
with modulation amplitudes of 20 mV (RMS) at a frequency
of 2.71 kHz.

The lattice parameters as well as MP characteristics
(wavelengths and angles relative to crystallographic axes)
were determined using 2D fast Fourier transforms (FFTs) of
topography and tunneling current maps. Wherever possible,
the lattice parameters and FFTs were calibrated using atom-
ically resolved HOPG images obtained using the same tips.
Moiré patterns were modelled using a previously reported
simple superposition approach [15] and using analytic for-
mulae [16]. Atomic structure images were rendered using
Vesta [17].

Density Functional Theory (DFT) calculations for Sb,0s,
Sb, and (3-Sb were carried out in the framework of the gen-
eralized gradient approximation using the Vienna Ab initio
Simulation Package [18]. 11 x 11 x 11 and 11 x 11 x 1
Monkhorst—Packk-point meshes were used for bulk and
monolayer calculations, respectively. All calculations were
performed with a plane-wave cutoff of 400 eV.

3. Experimental results

3.1. Morphology

As has been described previously [19] typical Sb/Bi/HOPG
samples consist of flat bismuth islands [20-23] on which the
antimony forms additional layers with at least two different
crystal structures. As shown schematically in figure 1(e) we
routinely observe 2 ML a-Sb and 1 ML (-Sb structures on a-
Bi island bases [19]. The bismuth islands are important in
providing nucleation sites for the growth of 2-dimensional Sb
layers which would otherwise grow with a 3-dimensional
morphology (see [24] and references therein). The arrows in
figure 1(d) indicate previously unobserved triangular struc-
tures with subnanometer thicknesses. We will show in the
following that these structures are composed of Sb,O3.
Most of the triangular structures reside on HOPG. Tri-
angular structures were also found (although less frequently)
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Figure 1. (a) Sb,O¢ molecule, (b) cubic crystal structure of a-Sb,O5 with a lattice constant of 1116 pm [10], (c) schematic top and side view
of the structure of a monolayer of the a-Sb,O3(111) plane, one unit cell is indicated by a blue thombus. The in-plane lattice constant is equal
to half the face diagonal of the bulk structure in (b) (789 pm = 1116 pm/ V2). (d) General occurrence of triangular structures on Sb/Bi/
HOPG samples. Yellow arrows indicate several of them attached to the Bi islands. Two insets show detailed views of triangular structures,
the lower one exhibits an additional moiré pattern. (¢) Schematic drawing to illustrate the growth and phase separation. Bi islands (white) on
HOPG (dark gray) host 2 ML «-Sb (dark blue) and 1 ML 3-Sb (light blue) on top while the triangular structures (yellow) can be found

mostly around the edges. (f) A triangular structure on Bi, white arrows highlight kinks along the edges. A height profile along the red line is
shown in (g). (h) Close-up scan (filtered) showing atomic resolution with additional protrusions (blue arrows) on the edges of and inside the

unit cell which is represented by a blue rhombus as in (c).

on top of the Bi islands (figure 1(d), inset), regardless of the
Bi thickness. The appearance of the triangular structures is
clearly different from all other Bi and Sb phases that exist on
this sample so that they can be reliably distinguished. In
particular, there is no risk of confusing them with a Bi
monolayer [25], 2 ML a-Sb, or 1 ML (-Sb [19]. In all cases
the triangular structures were found to be attached to other
(pre-existing) structures including edges of a-Bi or a-Sb
layers (but not HOPG step edges). Unattached triangular
structures are not observed either on the HOPG substrate, or
on top of any of the other crystalline Bi or Sb layers. The
triangular structures are absent in Bi/HOPG samples, and
occur only after Sb deposition. Figure 1(e) shows a schematic
overview of the growth of the triangular structures.

The triangular structures are clearly crystalline with a
threefold rotational symmetry, as shown in figure 1. More-
over, a surprisingly large spatial period is immediately
obvious (figures 1(d), (f), and (h)). The periodicity is mea-
sured from FFTs (see Methods and supplementary informa-
tion (available online at stacks.iop.org/NANO/32/125701/
mmedia)) and is found to be 800 pm £ 10 pm which is very
close to twice the lattice constant of 5-Sb [19], but also very
close to that of the (111) plane of bulk a-Sb,0O;, as shown in
figure 1(c).

The triangular structures are only minimally truncated,
and their principal crystallographic axes are aligned with the

long edges which are exclusively zig—zag type edges
(figures 1(d), (f)). We do not observe any other type of facet,
and the edges are defect-free apart from occasional kinks of
size equal to one lattice constant in the directions both parallel
and perpendicular to the edge ie. ~800pm (arrowed in
figure 1(f)). We further investigate the termination of the
edges, including a comparison of the experimental results
with the edge configurations of model a-Sb,O5(111) struc-
tures, in SI section 1. We find that an unusually open zig-zag
edge provides the best match with the data.

The atomic contrast in STM images was found to vary
with tip conditions, but not with bias. Typically the structure
appears as bright (i.e. higher) rings with round holes (e.g.
figure 1(f)) but improved spatial resolution reveals further
detail at the edges and corners of the rhombohedral unit cell
as shown in figure 1(h). Overall, these observations allow us
to interpret the atomic scale contrast as arising from the
geometric structure and not from electronic effects. We can
therefore exclude charge density waves or other electronic
standing waves, because the contrast is independent of bias
and the kink width reflects the size of one building block.

The thickness of the triangular structures was con-
sistently found to be uniform across the entire structure, with
no evidence for steps. Apparent heights between 250 and
450 pm (e.g. figure 1(g)) were measured, depending on tip
and tunneling conditions. Since steps in height profiles were
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never observed we conclude that all structures comprise a
single monolayer.

The triangular structures were found to be rather delicate.
Repeated scanning caused them to detach from, or move
along the edge of, the Bi islands, and sometimes even to break
up into smaller parts. Supplementary figure S2 shows a
sequence of images of a triangular structure that was damaged
by the tip. In subsequent scans one of the fragments was
moved by the tip along the edge of the triangular structure.
The fragment then merged with the original structure without
formation of any obvious defect or grain boundary. In con-
trast, none of the other layers (Bi, Sb or the substrate) was
modified by the tip when subjected to the same tunneling
conditions. This suggests that the bonding within the trian-
gular structures is significantly weaker than in the pure Bi and
Sb structures, but that the bonds are strong enough to be re-
formed and to ensure epitaxy between the fragments of the
reformed structure. Further evidence for relatively strong
bonding is provided by the results of annealing the structures:
after twice annealing at 95 °C for two hours we still found
triangular structures without any signs of damage or
degradation.

3.2. Moiré patterns

Some of the triangular structures exhibit a clear height
modulation and we show below that it is a moiré pattern,
formed due to interference of the lattices of the triangular
structure and the underlying HOPG. Figure 2(a) shows one
example of such a modulation: in addition to the ~800 pm
lattice constant a regular hexagonal array of depressions in the
triangular structure can be observed with a much larger per-
iod. In this case the period is ~2.5 nm and the high symmetry
directions of this superlattice are aligned with the atomic
lattice (within an uncertainty of ~5°).

In this particular example we also obtained atomic
resolution images of neighboring regions of the substrate (not
shown). We were thus able to measure the twist angle 6
between the (10) direction of the triangular structure and the
(10) direction of the HOPG substrate and found 6 ~ 26°. In
the supplementary information (section 2, figure S3) we use
analytic formulae [15] to calculate the MP period, A\, and MP
angle, 6, for an Sb,Oj3 layer on HOPG, for a range of Sb,0;
lattice constants and twist angles. The best match with
experiment is obtained for a lattice constant of 796 pm for
Sb,05 and 0 = 27.6° and we find that very small deviations
(beyond + 7 pm, and/or +0.5°) lead to noticeably different
MPs which are incompatible with the experimental observa-
tions. This result is in almost perfect agreement with the
values obtained from atomically resolved imaging of the tri-
angular structures as well as the literature value (789 pm) for
Sb,053(111).

We simulated the MP using these parameters and
figure 2(b) shows that the overall appearance, period, and
alignment of the MP are clearly in very good agreement with
the experimental results (figure 2(a)). The relative alignment
of the unit cells is schematically shown in figures 2(c) and (d)
shows the detailed superposition of the full atomic structures.

All in all our MP analysis strongly supports the conclusion
that the triangular structures are formed from Sb,Os;.

3.3. Spectroscopy results

Initial tunneling spectra of the triangular structures, on both
HOPG and Bi islands, were limited to the voltage range
between +1 V and —1 V because of the fragility of the islands
at high biases. As shown in supplementary figure S4, these
spectra were found to be barely distinguishable from those of
the substrates. With optimised tips and tunneling conditions it
was sometimes possible to obtain spectra in a wider bias
range. Figures 3(a), (b) shows the spectra of a triangular
structure and the supporting bismuth island (inset in
figure 3(a)) obtained between +2V and —2 V. The local
density of states (LDOS) of the triangular structure is almost
zero for most of the bias voltage range but grows strongly at
high positive voltages. While the spectra from the triangular
structure and Bi island in figure 3(a) differ significantly, they
do exhibit some common features. Figure 3(b) shows the data
in the grey-shaded area in figure 3(a) on a magnified vertical
scale, making it clear that two peaks (at ~0.3 V and ~0.8 V)
from the Bi island are found to be weakly present in the
spectrum from the triangular structure.

These findings are a manifestation of a gap in the elec-
tronic density of states (DOS), as observed for other ultrathin
insulating materials [26]. The strong peak in figure 3(a), (b)
marks the onset of the conduction band below which there is a
wide gap of at least 3.5eV. Peaks in the substrate DOS are
weakly transmitted through or injected into the (effectively
insulating) triangular structure [27]. We were unable to detect
the valence band onset at negative bias voltage due to the
fragility of the islands at high biases.

3.4. Band structure calculations

Since the nanostructures exhibit a triangular symmetry and
are atomically thin, it is important to consider the possibility
that they are formed of pure Sb. As discussed in the supple-
mentary information, we considered (-Sb itself and two
plausible pure Sb structures that have unit cells comparable to
that observed in figure 1: a 2 X 2 reconstruction of the -
antimonene structure with one vacancy per unit cell, and a
structure composed of vdW-bonded Sb, molecules. Supple-
mentary figures S5 and S6 show that the calculated band
structures for these structures are clearly inconsistent with the
tunneling spectra and can therefore be discarded as potential
explanations.

Figures 3(c), (d) shows the calculated band structure and
electronic DOS for a single free-standing ML of
a-Sby05(111), while figure 3(e), (f) show corresponding
calculations for bulk a-Sb,O3(111). The band structure for
the ML structure shows a clear indirect band gap of 3.3 eV
around the Fermi energy. The calculated band gap is slightly
larger than that of the bulk (3.1eV), as expected. The cal-
culated values are similar to previously reported values for
thin film [14] and bulk [6, 7, 28] Sb,05. Overall, the band
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Figure 2. Moiré pattern of triangular structures on HOPG: (a) topography (1 V, 20 pA) of a triangular structure on HOPG, attached to a Bi
island on the left. The MP period is indicated in white. (b)-(d) Simulation of the MP of Sb,O; (orange/red layer) on HOPG (grey /black),
using lattice constants of 246 pm for HOPG, 796 pm for Sb,0;, and a twist angle of § = 27.6° (see (c)). A global rotation of —9.5° was
applied to match the experimental data. (b) Overview of the emerging MP, the scale in (a), (b) is the same. Two labeled coordinate systems
show the orientations of the two layers. (c) Schematic view (field of view: (1.53 nm)?) of the abstract Sb,05 lattice and unit cell (orange) on
HOPG (black). The orange circles indicate the positions of Sb4O¢ molecules, the black spots merely show one HOPG lattice point each. The
light grey area indicates the twist angle 6 between the two layers. (d) Close-up view (width x height: 4 nm x 2.14 nm) of the full structure
of the two lattices. A unit cell of each layer is indicated (orange for Sb,0;, grey for HOPG).

structure calculations for monolayer Sb,O3; are consistent
with the experimental results from the triangular structures.

4. Discussion

4.1. The triangular structures are monolayers of a-Sb>0O3

The results presented above are all consistent with the con-
clusion that the triangular structures are monolayers of
a-Sb,05. The morphology of the observed triangular struc-
tures clearly points to an atomically thin, crystalline material
with triangular symmetry. More particularly the large lattice
constant of 796 pm 4 7pm (obtained via analysis of the
observed MPs) is compatible with that of «a-Sb,O3(111).
Since the atomic period is independent of the bias voltage and
since there is strong evidence for a band gap, we can exclude
possible alternative explanations of the long period patterns
such as charge density waves. Moreover, the fragility of the
triangular structures suggests relatively weak bonding (com-
pared to previously observed 2-dimensional materials such as
(G-antimonene [19]), as expected for vdW bonds. The

bandstructure calculations agree well with the experimental
observations and therefore support the conclusion that the
triangular structures are monolayers of a-Sb,0s.

4.2. Source of the oxide

We now comment on the source of the Sb,03, which is not
obvious because the source material is high-purity antimony.
Due to the low partial pressure of oxygen under UHV con-
ditions, as well as the known slow oxidation of Sb [29, 30],
we exclude the formation of Sb,Q05 via oxidation of elemental
Sb layers as in [31, 32]. Furthermore Sb,0O3 forms in sig-
nificant quantities from the metal only at elevated tempera-
tures [13, 29], which suggests that oxidation of the diffusing
Sb after deposition is unlikely. This is further supported by
the fact that chemical aging of previously observed Sb [19]
and Bi [21, 33] structures has so far never been observed in
our UHV experiments. We believe instead that small quan-
tities of Sb,03 are formed in the crucible when the UHV
chamber is vented for maintenance, and are later re-evapo-
rated (and then deposited) simultaneously with the Sb.
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Figure 3. Experimental scanning tunneling spectroscopy data and Sb,O; band structure calculations: (a) spectra from a triangular structure
(orange line) and the underlying Bi structure (blue line). Inset shows a topography image of the Sb,O5 structure. (b) Magnification of the low-
intensity region marked by the grey-shaded bar in (a). Dashed black lines indicate characteristic features of the Bi structure, which are also
observed through the insulating Sb,0s. (c) Calculated band structure and (d) DOS for a monolayer of a-Sb,O3(111). The red arrow in (c)
marks the electronic band gap of 3.3 eV. (e), (f) Calculated band structure and DOS for bulk Sb,O5 for comparison.

Deposition of Sb,0j is facilitated by the much higher vapor
pressure of a-Sb,05 compared to elemental Sb’.

4.3. Growth

One of the most remarkable aspects of the growth of the
a-Sb,05 triangles is that they are formed simultaneously with
the growth of pure Sb structures, i.e. layers of a-Sb and §-Sb.
All three materials are observed to exist as relatively homo-
genous films, with minimal defects and no obvious mixed
phases or phase boundaries. Since all films are formed
through diffusion and aggregation processes [19, 33] these
observations suggest that Sb,O¢ and Sb clusters, which dif-
fuse on the surface simultaneously (see figure 1(e)), aggregate
only with other clusters of the same type. We speculate that
pairs of Sb,4Og clusters are captured at defects on the edges of
Bi structures and then allow other Sb,Og clusters to bond and
therefore nucleate the formation of triangular structures,
whilst elsewhere pairs of Sb clusters can also bond and
nucleate pure Sb structures (and then restructure into either
the a-Sb or 3-Sb phase depending on the local density of the
clusters and their arrival rate at the growing structure). The

7 At ~480 °C, which is the lowest temperature for which experimental

values are available for both substances, the vapor pressure of Sb,03 is ~35
times that of elemental Sb [34, 35]

triangular and pure Sb structures grow by addition of further
Sb4O¢ and Sb, clusters. This scenario is based on the
hypotheses that bonding is favoured between like clusters and
that the interaction between Sb, and Sb,Og clusters is weak,
preventing formation of mixed structures. Obviously it would
be interesting to test this speculation using calculations of the
binding between the Sby-Sby, SbsO4-SbsOg and Sby-SbyOg
cluster pairs.

Finally, we note an interesting ‘filtering effect’ that takes
place during growth at the Bi edges. The vast majority of
Sb,03 is found on the HOPG substrate at the edges of Bi
islands. Few triangular structures were observed on top of the
Bi islands, suggesting that they are formed from Sb,O¢
molecules that directly impinge on the different thickness
islands (see schematic in figure 1(e)). This in turn suggests
that Sb,O¢ molecules cannot overcome any Bi edges in sig-
nificant quantities i.e. that the Ehrlich—Schwoebel (ES) barrier
is high. In contrast, pure antimony structures are exclusively
found on the Bi islands. Thus we infer that elemental Sb is
easily able to climb up over the edges of the islands, i.e. the
ES barrier is low. Hence the Bi edges seems to effectively
filter the diffusing Sb and Sb,O¢ material.
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5. Conclusions

We have demonstrated controlled growth of single monolayer
structures of Sb,03, and that structures which are entirely
composed of the a-phase can be achieved without the use of a
passivator [5]. Our results suggest the growth of monolayers
of Sb,O3 might be achievable by direct evaporation of solid
Sb,03 from a Knudsen cell. It will be important to explore the
growth mode for Sb,O; in the absence of Bi islands, which
are important in the present work in providing nucleation
sites, and especially whether it is possible to achieve growth
of large areas of the monolayer structure. We emphasise that
growth of Sb,O5; was not observed in previous experiments
on HOPG [24] because the observed morphology was
dominated by growth of large 3D Sb islands. In the present
experiments, the Bi islands appear to play a useful additional
role in separating clusters of the two materials (Sb and Sb,03)
at the Bi edges, due to their different ES barriers.
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