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Antimonene is a novel two-dimensional topological semiconductor material with a
strain-driven tunable electronic structure for future electronic devices, but the growth of
clean antimonene is not fully understood. In this work, the growth process of
antimonene on the silver substrate has been studied in detail by using the density
functional theory and particle swarm optimization algorithms. The results show that, in
addition to the experimental reported flat honeycomb and S-phase antimonene, a-
phase antimonene was observed to be able to grow on the substrates, and the phases
of antimonene were deeply dependent on the reconstructed supercells and surface
alloys. It has been demonstrated that the surface alloys on the substrate play an active
role in the growth of antimonene.

Keywords: antimonene (Sb), density funcational theory, Ag(111), epitaxal growth, PSO (partial swarm optimization)

1 INTRODUCTION

Antimonene, one of the novel monoelemental class of two-dimensional (2D) material, has been
extensively studied from theory to experiment [1-4], since it was first reported by Zhang et al. [5]
in 2015. As a member of the 2D group-V family [6], the freestanding monolayer antimonene,
either puckered (a-phase) or buckled (B-phase) structure, is a semiconductor. Compared to a-
phase antimonene (a-Sb), S-phase antimonene (S-Sb) with a buckled honeycomb structure
similar to black phosphorus [7] is more thermodynamically stable. It was reported to have a
strain-tunable energy gap and high carrier mobility [5, 7-12]. Recently, Zhao et al. [13] achieved
band inversion by applying a large stretching strain on the lattice, and $-Sb was transferred from
a trivial semiconductor to a nontrivial quantum spin hall insulator. Unlike 3-Sb, the structure of
a-Sb is a structural analog of blue phosphorus, with four atoms in the unitcell, which are
arranged in a rectangular lattice in puckered shape with two distorted sublayers. It was found to
be a kind of 2D topological insulator when the in-plane anisotropic strain was applied [14].
Applying the in-plane strain is a very important method to tune the electronic structure of
antimonene, and how to obtain strained antimonene becomes critical.

To obtain monolayer antimonene, scientists have done experiments with different synthesis
methods, including micromechanical exfoliation (MME), liquid-phase exfoliation (LPE), and
molecular beam epitaxy (MBE). By applying the MME method, which is used to obtain graphene
[15]. Ares et al. [16] have successfully obtained few-layer antimonene, but it is hard to obtain
monolayer antimonene. Some other works have reported successes in the preparation of
antimonene using the LPE method [17-19], while the samples obtained were mostly
freestanding antimonene. It usually does not meet the requirements for obtaining
topological properties. By using the MBE method, it may be possible to obtain strain-
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FIGURE 1 | The formation energies of the Sb atoms adsorbed on different types of pure Ag (111) and AgSb/Ag (111) substrates. (A) and (B) show the evolution
curves of the formation energy, where blue, red, and green represent V3 x /3, 3 x /3, and 3x3 superstructure, and solid and dashed lines represent Ag (111) and
Ag-Sb/Ag (111) substrates, respectively.

stretched antimonene. In 2016, Ji et al. [20] synthesized high-
quality, few-layer 8-Sb polygons on mica substrate through
van der Waals epitaxy. Some works have reported successful
epitaxial growth of -Sb on various types of substrates, such as
layered materials, transition metals, and transition metal-
oxides. According to our collection, layered material
substrates include PdTe, [21], MoS, [22], graphene [23],
Bi,Se; [24], and WSe, [25]; transition metal substrates
include Ag (111) [26-28], Cu(111) [29], and Au (111) [30]
surfaces; transition metal-oxide substrates include Cu;0, [31]
and sapphire [32]. During the epitaxial growth of antimonene,
the substrate played a very important role. With the lower
mismatch between the selected substrates and antimonene, the
lattice parameters of the grown antimonene were closer to that
of the freestanding antimonene. For example, the lattice
constant of antimonene on PdTe, was 4.13A [21], and 4.1 A
[24] on Bi,Ses. The lattice parameter of antimonene grown on
transition metals was much larger than that of the freestanding
antimonene. It was 4.43 A on Cu(111) surface [29] and 5.0 A
on Ag (111) surface [26, 27]. Thus, transition metals may be
good substrates for the epitaxial growth of antimonene with
stress tensile.

The Density Functional Theory (DFT) based simulations
have played an increasingly important role in assisting
experimental efforts to synthesize and analyze two-
dimensional (2D) materials in these years. The structural
analysis of 2D materials is one of the main functions. In
this article, the structural analysis of antimonene on Ag
(111) substrate, on which antimonene could have about
20% stretching of lattice, was carried out with the DFT
calculations based on the following fundamental questions:

1) How do the structures evolve with an increasing Sb
coverage? 2) What is the most stable phase of antimonene
on substrates? Our results demonstrated that the antimonene
phase was strongly affected by the structure of the substrate
and reconstructed supercell.

2 COMPUTATION METHODS

To find the most stable configuration of antimonene on the Ag
(111) substrate, we have selected different sizes of Ag (111)
supercells. Then, the surface reconstruction search under
various Sb coverage using the particle swarm optimization
(PSO) algorithm, which is well-designed in the software
package CALYPSO [33-35], was applied. Our calculations
were based on the fact that antimony atoms were sufficiently
contracting with the substrate and distributed uniformly.
Therefore, the evolution of the most stable structures at
different coverages was able to describe the continuous
deposition of Sb on the Ag (111) surface theoretically.

The coverage of antimony (Cs,,) on the substrate was the key
parameter in this work. Usually, we describe it in terms of Cgp, =
Nsp/Nsp._sheet- In this equation, the Ngp_gheer Would not be constant
for different phases of the substrate with the same reconstructed
area. Therefore, for the ease to describe Cg,, we defined it as
follows:

CSb = >
N Sub

1)

where Ngy, is the number of Sb atoms adsorbed on substrate,
and Ngu, is the number of atoms in a monolayer of the
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FIGURE 2 | Top and side views of the lowest formation energy favorable configurations of antimony adsorbed on the V3 x V3 Ag (111) and Ag,Sb/Ag (111)
substrate. The four subfigures above correspond to the pure Ag (111) substrate, and the last four subfigures labeled with “A” correspond to the Ag.Sb/Ag (111)
substrate. The fractions under each subfigure correspond to the coverage of antimony Csy,, and the decimals in brackets represent the formation energies Eiory. The

purple and blue balls represent the Sb and Ag atoms, respectively.

DOO .
00 2O00( COCOC

/‘.‘
T HE. TR
//,f.r ‘ AL

-~

- -

HBI LI
s T I
‘ € ¢ 6 ¢

A3/3(0.220)  A4/3(0.162)

substrate. For the supercells in type of A (/3 x /3),
B (3x+/3) and C (3 x3) of Ag (111), Ngyp, = 3, 6, and 9,
respectively.

To measure the structural stability, the formation energy of Sb
adsorbed onto the substrates is defined by the following formula:

1
Eform = N_ (Etot - Esub) - E}?\ilk’ (2)
Sb

where E, is the total energy of the substrate with the Sb atoms
adsorbed, Eq,;, is the total energy of the substrate, Els,'l’llk is the bulk
total energy per atom of bulk Sb (space group: R-3m, No.166).
Under this definition, the lower the formation energy, the more
stable is the structure, and a negative value of energy indicates
that the growth is prone to occur.

To the best of our knowledge, the formation of surface alloy
on the substrate is crucial for the epitaxial growth of two-
dimensional materials. It has been reported that when being
deposited on the Ag (111) surface, the Sb atoms react with the
surface and form Ag,Sb surface alloy, which is combined by a
monolayer of a 1 x 1 Ag,Sb matching with a /3 x /3 R
30°supercell of Ag (111) [36-38]. Therefore, a transition state
search calculation was done to verify the possibility of the
existence of surface alloy and to identify their structures. After
confirming the surface alloy structure, we extended these
types of supercells with and without surface alloy. To
facilitate the description, we ignored the intermediate alloy
layer, and all the reconstructed structure labels are based on
Ag (111).
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FIGURE 3 | 2D contour plot of the electron localization function (ELF) of the Sb atoms on a pure Ag (111) substrate at Cgy, = (A) 2/3, (B) 3/3, and (C) 4/3 along the
cut of the Miller index (110). The minimum ELF value is 0.0 (blue) and the maximum value is 1.0 (red). The brown and silver balls represent Sb and Ag, respectively.

All the PSO calculations were energetically converged with a
population size of 20 and a max step of 10 (for saving compute
resources, five steps for Ng, = 1-4, 10 or 15 steps for Ng, > 5) to
meet the global optimization required. Then, the possible stable
surface structures with lower entropy and different structural
symmetry were collected to do the next step of high precision
structure optimization. After all the DFT calculations had been
done, the energetically favorable structures of all the coverages
were obtained to characterize the most probable structural
evolution path.

All the DFT calculations were carried out as implemented in
the Vienna ab-initio simulation package (VASP) [39-41]. The
electron-ion interaction was described by the projector
augmented-wave potentials [42], and the exchange-correlation
function was given by generalized gradient approximation
parametrized by Perdew, Burke, and Ernzerhof [43, 44]. The
van der Waals corrections were treated by the semi-empirical
DFT-D3 method [45] in the surface reconstruction calculations.
The cutoff energy was set to 400 eV for all calculations. The
vacuum layer was set to be at least 15A to eliminate the
interaction between the layers. All the structures were fully
relaxed until the force on each atom was less than 0.02 eV/A,
and the energy convergence criterion was met to 10°® eV. The
substrates were built on the basis of the bulk structure of FCC Ag,

and the Ag bulk lattice constant obtained by structural
optimization was 4.137 A, which was well converged in the
VASP. The total number of layers in the substrate was set to
three ( four for the substrate with surface alloy), and the atom
positions in the bottom layer were fixed during the geometry
optimization.

3 RESULTS AND DISCUSSION

3.1 Antimonene on a Pure Ag(111) Surface
In this section, we have carried out the structural search for the
most stable configuration with different coverage of Sb atoms
on pure Ag (111) substrate. In Figure 1A, we depicted the
variation of formation energies with Cg, on Ag (111) substrate.
There are formation energy valleys at the corresponding
coverages of Cg, = 2/3, 2/3, 4/9 for type A, B, and C
substrates, respectively. The configuration with the lowest
formation energy is at Cg, = 2/3 on B-type Ag (111)
substrate, in which the Sb atoms are arranged in a zigzag
shape on the substrate, which is consistent with the half layer
of a-Sb, as shown in Figure 4 (4/6).

The upper four subfigures in Figure 2 show the structures
with the lowest energy at different coverage of antimony on an
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FIGURE 4 | Top and side views of the lowest formation energy favorable configurations of antimony adsorbed on the 3 x V3 Ag (111) surface.
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A-type of pure Ag (111) substrate. Overall, as Cg;, increased
from 1/3 to 4/3, there were two kinds of antimony sheets
present, one with the flat honeycomb lattice at Cg, = 2/3, and
the other with the buckled honeycomb lattice at Cg}, = 3/3 and
4/3. At Cg, = 1/3, the Sb atoms sit on the fcc-hollow sites,
which is the most favorable adsorbed site. According to our
tests, the fcc- and hep-hollow sites have very similar adsorbed
energies, about a difference of 0.04 eV/atom. Therefore, both
the fcc- and hcp-hollow sites could be stable during actual
production. At Cg, = 2/3, the Sb atoms of the lowest energy
configuration sit on the hcp-hollow sites, and formed a flat
honeycomb lattice with a 23.1% stretched lattice constant of a
= 5.067 A compared to the freestanding f-Sb(4.117 A). This
configuration is the most stable on A-type Ag (111) substrate
and well agreed with the results of the work by Shao et al. [27].
It is interesting to note that the Cg, = 3/3 structure is split into
two layers, with the upper layer being a buckled honeycomb
lattice and the discrete Sb atoms in the lower layer sitting

almost on the bridge sites. When the deposition of antimony
atoms increased to more than a single layer, the structure did
not grow from the bottom to the up, layer by layer, like
building blocks. The flat honeycomb lattice was no longer
available and has been replaced by the buckled honeycomb
ones. When Cg, increased to 4/3, a two-layer buckling
honeycomb lattice with AB stacks of different buckling
heights was formed. The buckling height of the upper layer
is 0.968 A and that of the lower layer is 0.712 A. The electron
localization function of Cgp, from 2/3 to 4/3 in Figure 3 showed
that the electrons were localized around the Sb atoms. The
interaction between Ag-Sb was weaker than Sb-Sb. The
stronger Sb-Sb interaction from the z-direction leads to the
fact that the antimonene no longer maintains the flat structure
when the number of layers is more than one.

As it is shown in Figure 4, from Cg, = 1/6 to 4/6, there
existed a clear pathway to form a half layer of a-Sb on B-type
Ag (111) substrate. From Cg, = 5/6 to 8/6, all the
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FIGURE 5 | Top and side views of the lowest formation energy favorable configurations of the antimony adsorbed on 3x3 Ag (111) substrate.
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configurations were based on Cg,, = 4/6, and as the Sb atoms
continued to be deposited, the atoms were regularly arranged
on this half-layer structure, and when Cg;, = 8/6, a full layer of
a-Sb was formed. The lattice constants of a-Sb on Ag (111)
substrate are a = 4.388 A and b = 5.067 A, which have a stretch
of 0.9 and 6.6% along each of the a (Zigzag) and b (Armchair)
directions compared to the freestanding a-Sb. The thickness
of a-Sb was 2.95 A and its sublayers were almost flat.

On C-type Ag (111) substrates, we did the calculations for
Sb coverage from 1/9 to 9/9, a range that contains a monolayer
of antimony sheet, as shown in Figure 5. Same as A- and
B-type Ag (111) substrates, the single Sb sits on the hollow
sites. From Cgp, = 3/9 to 6/9, the most stable structures of each
coverage are triangular, quadrilateral, pentagonal, and
hexagonal lattices, respectively. This is quite different from
the results of the other two types of substrate. Small flat
polygonal Sb clusters seem to dominate in the early stages
of growth, and the formation energy of the quadrilateral

structure is the lowest. With the increase of Cg, from 4/9,
the formation energy shows an overall increasing trend, and
the Sb atoms did not spread over the entire surface until Cgp, =
7/9. A valley point appears at Cg, = 8/9, which indicates that
the structure is more stable at that coverage. However, the
lowest energy structure of Cg, = 8/9 we obtained from the
structural search is a bilayer structure shown in Figure 5. It
was an irregular mesh of seven atoms in the bottom layer and
an additional atom located at the top site of the center of a
square of four atoms in the bottom layer. We also obtained the
structure of 3-Sb at Cgp, = 8/9 with the lattice constant of about
4.390 A and thickness of 1.552 A (see Supplementary Figure
83, its formation energy is 0.035 eV/atom higher than that of
the lowest one.) These results indicated that Cg, = 8/9 maybe a
magic coverage.

To further examine the structure of antimony clusters
grown on the surface of Ag (111), we calculated the various
structures of 1-3 Sby clusters falling on the Ag (111) surface by
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using ab initio molecular dynamics (AIMD) embedded in the
package of CP2K [46]. The substrate of Ag (111) was set to
three layers with the bottom layer fixed, and the orthogonal
lattice parameter was set to a = 26.327 A, b=25.333 A, and c =
32.314 A to avoid the interaction between the periodic clusters.
The AIMD results showed the process of how small Sby,
clusters spread over the Ag 111) substrate into the flat ones
after 5ps at 300 K. Figure 6A plots the total energy of the
systems as a function of time for three Sb, clusters on a pure Ag
(111) surface. Two of these clusters disintegrate and rapidly
tile to the substrate after 0.7 ps of simulations. About 4.2 ps,
the atoms in all the clusters spread out. We found that the flat
tetragonal structures, which have the same structure as the Cg,
=4/9 on pure Ag (111) surface, exhibit unusual stability during
the simulation. To analyze the interaction between the Sb and
Ag atoms, we have drawn the curve of radial distribution

Epitaxy of Antimonene on Silver

function (RDF), as shown in Figure 7. The curve shows
that the average distance between Sb-Sb stays within
2.935A, and the Sb-Ag bond increases slightly with the
increase of the number of Sb atoms, from about 2.815 to
2.885 A. As the Sby cluster gets larger, the distance between
Sby and the substrate gets farther, indicating that the
interaction between Sb and Sb is much stronger than that
between Sb and Ag. Thus, the growth of small clusters is much
easier than that of Ag-Sb alloys. The results of the other two
configurations are plotted in Supplementary Figure S1 and
Supplementary Figure S2. We have also examined the
integration curve of RDF. The average coordination number
of these three systems increases from 1 to 2 with the increasing
number of Sby clusters. It can be seen from its structural
variations, where dimer, chain, and polygonal structures
occupy the majority of conformations. For more visual
observation of the structural changes, we exported the
animations of the AIMD trajectory, as shown in the MP4
files in SI. The flat square Sby clusters are very stable in this
simulation. This is consistent with the fact that the most stable
configuration on C-type Ag (111) substrate in Figure 1 is Sb, at
CSb = 4/9

Theoretically, the larger the substrate, the closer the results are
to reality. Combining the results of these three substrates, it can
be seen that at lower coverages, flat 2D clusters occupy the major
part, and when the antimony atoms increase enough to spread
over the substrate or even more, it is quite possible to grow the so-
called §- and a-Sb structures. However, in terms of energy
comparison, the most stable configuration is the flat half layer
of a-Sb.

3.2 Antimonene on Ag(111) With Ag.Sb

Surface Alloy

Before calculating the deposition of Sb atoms on the Ag,Sb/Ag
(111) substrate, the climbing image nudged elastic band
(cNEB) method [47] was applied to search the transition
state to analyze the process of penetration and replacement
of Sb to Ag on the Ag (111) surface. We started with modeling
the Sb/Ag (111) interface by adding a single Sb atom onto 3 x 3
supercell Ag (111) surface (see Figure 8 (a), the structure
diagram on the left). The adsorption enerﬁy was calculated by
the formula: ES§ = EAs(11D) 4 S —Ef’:t/ s " where, Eﬂ’om
is the total energy of per Sb atom in bulk. The calculated ESS
value is 0.037 eV on the 3 x 3 Ag (111) surface. The minimum
energy path (MEP) of the penetration of one Sb atom into the
Ag (111) surface_p)lotted in Figure 8A, it shows a forward
energy barrier of E, = , =0.779 eV, and a reverse energy barrier of
E =0.672eV.The E is much higher than E35 . Therefore, the
replacement process should not occur unless the system is in a
heat-absorbing state. The environment provides enough
energy to make it cross this energy barrier.

Next, we added the second Sb atom to the substrate while
removing the Ag atom that was expelled. Since there was
already a penetrated Sb atom after step (A), so we chose to
calculate the MEPs for the penetration at the neighbor and
subneighbor site separately, see Figure 8B. From the results, it
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is clear that path B (II) is more favorable than path B (I), with a
lower energy of the final state and a relatively shorter reaction
path. Based on this, we continued to add a 3rd Sb atom to the
final state of path B (II) and made it penetrate at the
subneighbor site, and the MEP of this process was plotted
in Figure 8C. All the energies of MEPs are listed in Table 1, the
AE, are all positive, which proves that Sb penetration is a heat
absorption process. Such subneighbor atomic arrangement
characteristics predetermine the impossibility of continuous
replacement of Ag by Sb, and with Sb penetration occurring all
over the surface, and an Ag,Sb alloy monolayer is formed. Till
now, we have confirmed that if a surface alloy could be formed,
it would be Ag,Sb.

Then, we continued to study the adsorption of Sb atoms on
the Ag,Sb/Ag (111) substrate. Same as pure Ag (111)
substrates, three types of substrates were constructed, and
the curve of the formation energies vs Cg, were plotted in
Figure 1B. Overall, the formation energies on 3 x 3 substrates

TABLE 1 | Forward energy barrier E; reverse energy barrier E and energy
difference AE, of the processes described in Figure 8.

Process E; E AE,

(@) 1st Sb penetration 0.779 0.672 +0.107
(b) I: 2nd Sb penetration: neighbor site 0.982 0.239 +0.743
(b) II: 2nd Sb penetration: sub-neighbor site 0.924 0.447 +0.447
(c) 3rd Sb penetration: sub-neighbor site 0.735 0.333 +0.402

were generally lower than on the other two types of
substrates. Unlike pure Ag (111) substrates, Sb exhibits
different growth characteristics on the Ag,Sb monolayer,
the small antimony clusters are no longer more stable, and
the formation energy continues to decline until at coverage of
8/9. At Cgp, = 8/9, the Sb layer shows a 2 x 2 reconstructed f3-
phase structure with a minor deformation on C-type Ag,Sb
alloy monolayer. One of the Sb atoms in the lower sublayer is
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affected by the Sb atom of the substrate and shifts upward,
causing the original double sublayers structure to split into
three sublayers from the side view. The lattice constant is a =
4.388 A, with about 6.58% stretching compared to the free
state of antimonene (4.117 A). The layer height is about
4.377 A. This structure is in good agreement with the
results of Sun et al.‘s work [28].

For A-type of Ag,Sb/Ag (111) substrates, the results of
single Sb on Ag,Sb/Ag (111) shows that the Ag-Ag bridge site
was the most favorable, but a monolayer of -Sb with a layer
height of 0.736 A formed at Cs;, = 2/3 and Sb atoms occupy the
top sites of both the Ag and Sb atoms in the substrate, see
Figure 2A 2/3). At Cgp, = 3/3, the bilayer structure consisted of
a layer of 3-Sb and intercalated atoms, while the intercalated
atoms were located at the Ag-Ag bridge-sites of the substrate.
At Cgp, = 4/3, the bilayer structure consisted of two layers of -
Sb with AB stacking, the bottom layer was almost flat, and the
top layer was a buckled honeycomb lattice with buckling
higher the 1.022 A. On such substrates, the flat honeycomb
antimonene cannot be stabilized due to the surface alloy, but is
replaced by a honeycomb structure with buckling. The
interaction between the Ag and Sb atoms affects the
structures of antimonene layers. It is worth mentioning that

the formation energies of A-type is the highest one of the
three types.

The lowest formation energy on the B-type Ag,Sb/Ag (111)
substrates was at Cgp, = 8/6, and a full-layer of a-Sb formed, see
Figure 9. It was almost the same structural evolution path
compared to the pure Ag (111) substrates, but, the formation
energy of the full-layer of a-Sb is much lower than that of the
half-layer, which means that the full-layer a-Sb is energetically
stable on such substrate. The adsorbed Sb atoms first formed a
halflayer of a-Sb, which then grow to a full layer. Unlike on the
pure Ag (111) substrate, the bottom layer of a-Sb was no longer
flat. One of the Sb atoms in the unit cell sits on the top site of
the Sb atom in the surface alloy, while the other Sb atoms sit on
the bridge sites of the Ag-Ag pair. The difference in the
strength of the interactions of Ag-Sb and Sb-Sb makes the
interatomic spacing different.

On C-type Ag,Sb/Ag (111) substrates, the lowest
formation energy was at Cg, = 8/9 of a reconstructed 2 x
2 supercell of B-Sb, see Figure 10. The reconstructed
supercell contains eight Sb atoms, divided into two
sublayers, with three of the four Sb atoms in the bottom
layer at the bridge site of the Ag-Ag pair and the other Sb
atom at the top site of the Sb atom in the surface alloy. This
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FIGURE 11 | Structural evolution paths of 3 x v/3 and 3x3 supercell
surface reconstructions of Sb on the Ag,Sb/Ag (111) substrates. (A): 3 x V3
substrate, culminating in a-Sb; (B): 3x3 substrate, culminating in -Sb. The
fractions marked below each structure represent their coverages, and

(a) and (b) correspond to the most stable and meta-stable structures,
respectively.

structure is highly consistent with that in Sun’s work [28]. It
can be seen from the green dashed line in Figure 1 that the
formation energy decreases with the increase of Cgp,. The
existence of the alloy surface changes the potential energy
surface of the Ag (111) substrate. Under its impact, the flat
polygonal clusters, that appear on the pure silver substrate,
are no longer the more stable configurations.

From the calculation results of the abovementioned three
substrates, we can see that the presence of the surface alloy
changes the adsorption site. The Sb-Sb interaction is
somewhat stronger than that of Sb-Ag, so the presence of Sb
atoms in the surface alloy can affect the growth of antimonene,
especially in the earlier stage. The energetically stable adsorption
sites change from the hollow sites to the Ag-Ag bridge sites.
Moreover, unlike the pure silver substrate, the Sb top site is also a
more stable adsorption site.

Our calculation shows that the formation energies of -Sb
(-0.014 eV/atom) and a-Sb (-0.026 eV/atom) on the Ag,Sb/Ag
(111) substrates are very close. Since both «- and p-Sb
monolayers are stable in ambient conditions, we need to
compare their structural stability and find their structural
growth paths to determine which phrase is easier to grow on
and which one is relatively stable. Therefore, we carefully
examined all the structures, including the substable ones, from
the half-layer to the full layer and found two evolutionary paths
for each phrase on the Ag,Sb/Ag (111) substrate. In Figure 11A,
the formation energies increased and then decreased with the

Epitaxy of Antimonene on Silver

increasing coverage, where the two relatively stable
configurations were half- and full-layer a-Sb at Cg, = 4/6 and
8/6, respectively. The structures from Cg, = 5/6 to 8/6 were all
grown based on the stable structure at Cg, = 4/6. It is clear that a-
Sb is grown half-layer by half-layer on this substrate. Although,
there exists a small energy barrier of 0.069 eV/atom along this
path. For 3 x 3 Ag,Sb/Ag (111) substrate in Figure 11B, at C}, =
4/9 and 5/9, there were quadrilateral and pentagonal rings with
pucker, in which the Sbs is a very special one, two of the five atoms
are sitting on the top site of the Sb atoms in the substrate, and the
other three are on the top site of the Ag atoms. This pucker
structure is exactly a part of the -Sb at Cg, = 8/9. The
continuously deposited Sb atoms placed in their gap positions
can form the structures of Cg, = 6/9 and 7/9, and the structure of
Csp = 7/9 is exactly B-Sb with a Sb vacancy. The formation energy
decreases with the increasing concentration of the adsorbed Sb
atoms, which indicates that the deposition process is exothermic
and can react autonomously. The growth of S-Sb is more
advantageous under lower-temperature, while at a high-
temperature, there exists a competition between the two
phases. Therefore, we believe that it should be possible to
observe the growth of both the structures simultaneously
during a given experiment.

Considering the results of all the types of substrates together,
both the size of reconstructed supercells and the surface alloy have a
significant effect on growth. No matter with or without the surface
alloy, the structure of antimonene on the .A-type of substrates
always show a large stretch whether forming the flat honeycomb
antimonene or low-buckled honeycomb antimonene. On the
B-type of substrates, the a-Sb occupy the main structures, and
there exists a very clear evolutionary path of growing half-layer by
half-layer. The half layer a-Sb has high stability, regardless of the
deformation by the substrates. On the largest substrates in this
work, the 3-Sb exhibits excellent stability on the substrate with
surface alloy and much less stability on the pure Ag (111) substrates
compared to the flat honeycomb and half-layer a-phase
antimonene. It can be seen that the phase of antimonene is
deeply influenced by the size of the reconstructed supercells.
Especially, all the configurations are at lower energy levels at the
coverage of 2/3, which is included in all types of substrates, and the
structures of antimonene are significantly modulated by the size of
the reconstructed supercells. When adsorbed on the smaller
substrates (A and B), the Sb atoms could fully cover the
substrates, but not for the larger ones (C). The direct factor,
which determines the different phases, is the size of the
reconstructed supercells. If we can control the size of the
reconstructed supercells, the phase of antimonene will be
determined.

The existence of the surface alloy of Ag,Sb has also played
an important role in the growth of antimonene. At lower
coverages (Cgp, < 2/3), clusters of Sby (N = 3, 4, and 5),
although present, are no longer the most stable structures.
On the other hand, at higher coverages (Cg, > 2/3), the
formation energies of a- and f-Sb shift from the higher to
the lowest levels with the presence of the surface alloy. This has
a positive effect on the formation of a stable monolayer of a-
antimonene.
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Note that the minimum value of the required coverage to form
a monolayer are 2/3, 2/3, and 7/9 for the substrates of A, B,and C
types, respectively. Our simulations are based on the complete
relaxation of the Sb atoms on the substrate, and if the speed of the
process of atomic relaxation can be controlled, then the phase of
the antimonene should also be controllable. In the molecular
beam epitaxy experiments, the control of relaxation is usually
multifactorial, such as temperature, pressure, and source
evaporation rate. Which one is the main factor affecting the
relaxation speed remains to be finely verified.

4 CONCLUSION

In summary, we have simulated the growth process of
antimonene on the Ag (111) substrate with and without Ag,Sb
surface alloy using the DFT and PSO methods. According to the
results, in addition to the experimental reported flat honeycomb
and S-phase antimonene, a-phase antimonene had also been
observed to grow on the substrates and showed a highly stable
topological structure with low puckering. In the comparison of
the silver substrates with and without the surface alloys, it can be
seen that the presence of surface alloys does not hinder the growth
of antimonene, but rather promotes the stabilization of
antimonene. On the substrates with Ag,Sb surface alloy, both
a-Sb and f-Sb have been observed to grow. The core of phase
modulation engineering lies in the control of the relaxation rate of
the antimony deposited atoms. Our work provides a more
comprehensive theoretical insight into the growth of
antimonene on silver substrates, complementing the possible
omissions in experiments that may provide some basis for
antimonene synthesis on such kind of metal substrate.
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