ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

Epitaxial Growth and Air-Stability of Monolayer

Antimonene on PdTe,

Xu Wu, Yan Shao, Hang Liu, Zili Feng, Ye-Liang Wang,* Jia-Tao Sun, Chen Liu,
Jia-Ou Wang, Zhong-Liu Liu, Shi-Yu Zhu, Yu-Qi Wang, Shi-Xuan Du, You-Guo Shi,

Kurash Ibrahim, and Hong-Jun Gao*

Investigation of 2D materials has developed rapidly in recent
years,!1?] inspired by their unique properties and the promise
of many valuable applications. In addition to graphene,
researchers have developed novel 2D materials with delicate
properties suitable for a wide range of innovative applications.
Several single atomic-layer materials with graphene-like honey-
combs, such as silicenel*®l (made up of silicon), germanenel’-"!
(germanium), hafnenel’® (hafnium), stanenel!!! (tin), and blue
phosphorus,[!Zl holding exotic properties for next-generation
information nanodevices, were successfully fabricated by epi-
taxy. These monoelemental materials have a gap over gapless
graphene, giving them an important advantage for applica-
tion in nanoelectronic devices. Still, the gap in these 2D mate-
rials is small, limiting their application in electronics. It is
imperative to obtain 2D materials with more useful bandgaps.
Recently, many theoretical papers have reported a novel gra-
phene-like 2D honeycomb lattice of antimony atoms, called
“antimonene.”371% A bandgap of 2.28 eV is predicted™! for
monolayer antimonene. Such a wide bandgap larger than
2.0 eV would make antimonene very intriguing for applica-
tions in metal-oxide-semiconductor field-effect-transisitors
(MOSFETs)!8 and, especially, photoelectric devices,'! as theo-
retically predicted. In addition to the wide bandgap, monolayer
antimonene is predicted to be a topological insulator,!!”!
making it possible for high-efficiency quantum transport
and topological quantum computation.?%2!] Thus, to confirm
these theoretical descriptions of antimonene experimentally,
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finding an effective method for fabrication of an antimonene
monolayer is of great importance. Very recently, mechanical
isolation of few-layer antimonene flakes from antimony bulk
was reported.?2l Nevertheless, to the best of our knowledge,
epitaxial growth of monolayer antimonene has not yet been
realized.

Here, we report the growth of monolayer antimonene on a
2D layered PdTe, substrate by molecular beam epitaxy (MBE).
We chose PdTe, as the substrate for at least two reasons. First,
its crystal periodicity (the surface lattice constant is 4.10 A)
has a very small mismatch (less than 2.3%) with that of free-
standing antimonene (the calculated lattice constant of which is
4.01 A).12>24 Second, it has a chemically stable surface, typical
of a layered transition-metal-dichalcogenide (TMD) material.[?!
The antimony atoms were first deposited onto a PdTe, sur-
face kept at a proper temperature, whereupon a distinct well-
ordered structure was observed by in situ low-energy electron
diffraction (LEED). The atomic structure of this monolayer anti-
monene was determined by scanning tunneling microscopy
(STM). Then we performed first-principles calculations based
on density functional theory (DFT) to elucidate the experi-
mental results. Combining our experimental observations and
the theoretic calculations, we verified that the antimonene fab-
ricated on a PdTe, substrate is a 2D continuous monolayer with
a buckled conformation. Moreover, our findings reveal that the
antimonene layer interacts only weakly with the PdTe, sub-
strate and, more important, is quite inert with respect to the
air. This high-quality epitaxial antimonene with a large bandgap
and chemical stability is promising for applications in nano-
electronic devices.

Figure 1 shows the monolayer antimonene film fabricated
through epitaxial growth of antimony atoms on the PdTe, sur-
face. The PdTe, substrate was cleaved in situ from a bulk single
crystal sample and then was checked by STM (see Figure S1,
Supporting Information) in order to obtain well-ordered large-
scale monolayer antimonene film, the PdTe, substrate was kept
at 400 K while depositing Sb atoms onto it (as shown by a sche-
matic in Figure 1a). An atomically smooth film was obtained
under these experimental conditions, as shown in Figure 1b.
The ordering and symmetry of this film was characterized mac-
roscopically by LEED, as shown in the inset in Figure 1b. Only
six diffraction spots exist in this LEED pattern, representing an
almost commensurate (1 x 1) lattice with respect to the PdTe,
surface. These diffraction spots originate from the lattice of
both the antimonene film and the PdTe, substrate, since they
have quite similar lattice constants. The clear and simple LEED
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Figure 1. Monolayer antimonene formed on PdTe, substrate. a) Schematic of fabrication. b) STM topographic image (2.0 V, =10 pA) of large anti-
monene island on PdTe,. Inset: LEED pattern of antimonene on PdTe,. The six diffraction spots are due to the antimonene (1 x 1) structure with
respect to the substrate. c) Atomic resolution STM image (—1.5 V, =200 pA) of monolayer antimonene with enhanced visibility showing the graphene-
like honeycomb. d) Top view (upper) and side view (lower) of the buckled conformation of the antimonene honeycomb. e) A height profile along the
red line in (b), showing that the apparent height of the antimonene island is 2.8 A. f) Line profile corresponding to the blue line in (c), revealing the

periodicity of the antimonene lattice (4.13 + 0.02 A).

pattern in reciprocal space thus suggests the formation of an
antimony adlayer that is a well-ordered and single-crystalline
network with a periodicity similar to that of the PdTe, substrate.
The formation of the high-quality antimony adlayer was further
confirmed by atomic-resolved STM observations in real space
as described below.

In order to gain a fuller understanding of this antimony film
in detail, the STM measurements were carried out. Figure 1b
shows a typical STM image in large scale, revealing an anti-
monene adlayer on the PdTe, surface with a large area and
high quality. This film is smooth and uniform with no obvious
defects or domain boundaries in it. The apparent height of
this antimonene adlayer is =2.8 A (Figure 1e), as measured by
the profile line across the edge of the antimonene film (corre-
sponding to the red line in Figure 1b). This height is close to
that of a single layer of antimonene in the Sb bulk, which is
calculated to be 3.38 A%l So these measurements indicate that
the antimony adlayer is a monolayer.

A high-resolution STM image of monolayer antimonene
is displayed in Figure 1c, in which the graphene-like honey-
comb lattice can be clearly seen. Specifically, from our atom-
resolved STM measurements, a buckled configuration of this
honeycomb lattice can be well distinguished, as illustrated by
the schematic in Figure 1d. This corrugation in antimonene is
in agreement with the previous work wherein antimonene is
theoretically predicted to be a 2D structure with a buckled hon-
eycomb lattice consisting of two sublattices in different atomic
layers.’3l Furthermore, to reveal the lattice periodicity of this
monolayer antimonene clearly, we obtained the height profile
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(Figure 1f) of the buckled honeycomb lattice along the blue line
in Figure 1lc. It indicates a periodicity of 4.13 + 0.02 A in the
graphene-like honeycomb lattice. This value is quite close to the
periodicity of the PdTe, substrate (4.10 + 0.02 A, see Figure S1c,
Supporting Information) with a small difference of less than
0.5%, as measured in our experiment. So the close match of
these lattices, seen from STM observations, is consistent with
the LEED pattern showing (1 x 1) diffraction points. By these
experimental data, we for the first time unveil the morphology
and configuration of epitaxial monolayer antimonene at atomic
scale.

To further elucidate the experimental results above, we car-
ried out first-principles theoretic calculations. Three different
models of antimonene on PdTe, were considered by taking the
lowest Sb atom in the bulk antimonene as the location refer-
ence on the substrate lattice—that is, the lower Sb atom was
located on three different positions on the PdTe, substrate
(on the Pd atom, on the lower Te atom, and on the upper Te
atom, respectively, as shown in Figure S1, Supporting Infor-
mation). All these three models are fully relaxed, and the most
stable structure with the lowest binding energy is obtained. In
this most stable structure, the lowest Sb atom is located on top
of the lower Te atom (see Figure 2a and Figure S2b, Supporting
Information).

According to the optimized model, a simulated STM image
was obtained (Figure 2b). The overall features in simulations
are remarkably consistent with the STM observations, as
shown in Figure 2c by an atomic-resolution STM image of anti-
monene on PdTe, obtained at a sample bias voltage. In detail,
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Figure 2. DFT calculations and atomic configuration of monolayer antimonene on a PdTe,
substrate. a) Top view of the relaxed model that has the lowest binding energy of the anti-
monene with the PdTe, substrate. Orange, gray, and cyan balls represent Sb, Te, and Pd atoms,
respectively. For clarity, some of the substrate atoms are omitted. b) Simulated STM image,
showing features remarkably consistent with the experimental results in the same triangular
sublattice. The dashed line rhombus denotes two triangular sublattices of one unit cell in
the antimonene. c) Atomic resolution STM image (2.0 V, =300 pA) of the antimonene layer.
d) Side view of the relaxed structure of antimonene on PdTe,. The distance between the top and
bottom Sb sublayers is 1.65 A, and the distance between the bottom Sb plane and the top Te
plane of PdTe, is 2.49 A. d) Top view of the overall ELF of the relaxed model with an ELF value
of 0.6, showing the continuity of the monolayer antimonene. f) ELF of the cross section along
the black dotted line in (e), demonstrating high localization of the electrons in Sb—Sb pairs.

in the STM image of this graphene-like monolayer antimonene
on PdTe,, the upper Sb atoms are brighter and the lower Sb
atoms are dimmer. This causes a distinct contrast between two
triangular regions in a unit cell, as marked by a dashed-line
rhombus.

Specifically, the calculated surface crystalline constant in the
most stable model is 4.12 A, which is consistent with the value
from STM observations (Figure 1f). The side view of the calcu-
lated model is shown in Figure 2d. It indicates the undulation
between two Sb sublayers is 1.65 A, almost equal to the undula-
tion in the bulk Sb material. The distance between the Sb layer
and the substrate is 2.49 A, which is significantly larger than
the distance among antimonene layers in bulk Sb. This larger
layer-by-layer distance suggests a weak interaction between the
epitaxial antimonene film and the substrate.

To gauge the interfacial interaction of the antimonene net-
work on the PdTe, substrate further, the electron localization
function (ELF)1?%%”] was calculated. ELF allows one to evaluate
chemical interactions directly from the charge localization
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between individual atoms. The value of
ELF is in the range from 0 to 1, meaning
that the electrons’ localization ranges from
zero to high localization. Here, a calculated
isosurface with an ELF value of 0.6 for the
most stable structure is shown in Figure 2e.
We can see that the electrons of monolayer
antimonene are localized around the Sb
atoms and the region between the nearest Sb
atoms. Figure 2e thus intuitively illustrates
the formation of a continuous antimonene
layer.

A cross-section ELF pattern perpendicular
to the plane of the monolayer antimonene
and along the Sb—Sb bonding direction
(corresponding to the black dotted line in
Figure 2e) is shown in Figure 2f. It is clear
that electrons are highly localized at the
Sb—Sb pair with an ELF value larger than
0.8. This provides direct evidence of a strong
chemical interaction between each Sb—Sb
pair, responsible for the existence and sta-
bility of the structure of antimonene. More-
over, in the optimized model in Figure 2f,
the distance between the lower Sb atom in
antimonene and the upper layer Te atom in
the substrate is the shortest one, and this
is the region with the strongest coupling
between the antimonene and the substrate.
Even for this strongest coupling region,
the ELF value is still less than 0.3, which
is somewhat smaller than the ELF value of
Sb—Sb pairs. Thus, this vanishing ELF at the
interface indicates a kind of van der Waals
interfacial interaction between the Sb mon-
olayer and the PdTe, substrate. In short,
this quantitative analysis demonstrates that
a strong binding energy exists within the
Sb monolayer and a weak interaction exists
at the interface. With all this evidence com-
bined, we can conclude that a continuous 2D antimonene
monolayer has been successfully fabricated on the PdTe,
substrate.

To further analyze the interaction between the monolayer
antimonene and the substrate experimentally, we obtained
X-ray photoelectron spectroscopy (XPS) measurements of
the sample before and after formation of the monolayer anti-
monene. Figure 3a,b shows characteristic XPS spectra from
the core level of the Pd and Te. As shown in Figure 3a, for
the bare substrate, the characteristic signals of Pd 3d;/, and
3ds,; appear as peaks at their binding energies of 341.9 and
336.6 eV, respectively. After antimonene is deposited, the
binding energy positions of these two representative peaks
remain unchanged, and the shape of the curve is the same
as before. Moreover, for the XPS core level spectrum of Te,
as shown in Figure 3D, there is also no obvious change in the
binding energies of the characteristic peaks and the shapes of
the peaks. Figure 3c presents the XPS core-level spectrum of
Sb 4d from the antimonene adlayer. The Sb 4ds,, spectrum
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Figure 3. XPS results of the antimonene monolayer on the PdTe, substrate. a) The Pd 3d core level spectra before (lower) and after (upper) formation
of the antimonene monolayer. The peak positions (at binding energy of 341.9 and 336.6 eV) and shapes have not changed during formation of the
antimonene. b) The Te 3d spectra. Similarly, the peak positions (582.9 and 572.5 eV) and shapes have not changed during antimonene formation.
c) Sb 4d core level spectrum. The dominant red peaks (33.60 and 32.35 eV) can be assigned to the Sb in antimonene. The tiny purple peaks (33.30 and
32.05 eV) can be assigned to Sb atoms not yet formed into antimonene.

appears as two peaks, at 32.35 and 32.05 eV.
The violet peak represents the small Sb 4 g
clusters on the substrate. The red peak at Initial state
32.35 eV, which is the dominant part of the
Sb 4ds/, peak, has binding energy close to
that of bulk Sb (=31.9-32.3 eV).?8l

Since the change in the chemical state
of the element is easy to detect by XPS, our
XPS measurements indicate that there is no
obvious difference of chemical state of the
Pd and Te in the substrate before and after
formation of the antimonene adlayer. These
XPS measurements further verify that
there is no chemical interfacial coupling
between the antimonene and the PdTe,
substrate, which is consistent with the cal-
culated ELF mentioned above. In short, the
substrate has no obvious effect on the elec-
tronic structure of the epitaxial monolayer
antimonene.

Chemical stability is a critical property
for a material in electronic applications,
especially for atomic-thickness 2D mate-
rials. To investigate the stability of the anti-
monene monolayer in air, we performed an
experiment on the monolayer antimonene
sample by venting air into the chamber 34 32
where the sample was stored. Since the Binding Energy (eV)

chemical reaction n.ormally starts from the Figure 4. Chemical stability of antimonene islands. a) Typical STM image (—2.0 V, =100 pA)
edges of 2D materials, we used a sample  ,f antimonene islands on PdTe, substrate before air exposure. The surface of the islands
with lower Sb coverage, featuring small s smooth without impurities. b) STM image (-2.0 V, =100 pA) of the same sample after
antimonene islands with plenty of edges. exposing to air for 20 min. c) STM image of the same sample after annealing to 380 K. The
Before being exposed to air, the sample was small spots have disappeared and the surface of the antimonene islands has become clean
characterized by STM and XPS as shown and smooth again. d) XPS measurements of the same sample. The upper (wine), middle
. . . (pink), and lower (orange) curves represent the Sb 4d spectrum before exposure to air, after
in Figure 4a,d (orange curve), respectively. : ) ) o

. . air exposure, and after annealing to 380 K, respectively. The peaks’ positions and shapes
The topographic STM image reveals that . ipese three curves have not changed, demonstrating that the antimonene is chemi-
the antimonene islands are clean and cally inert to air. The photon energy of XPS experiments in (d) for Sb 4d measurements is
smooth with no obvious impurity on the 180 eV.
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islands. Then the sample was exposed to air and kept at room
temperature (300 K) for 20 min. The pressure of air was 1 x
10° Pa. After exposing it to air, we kept the sample at room
temperature and measured it again with STM and XPS, as
shown in Figure 4b,d (pink curve). In the typical STM image
in Figure 4b, few bright spots appear at the surface of the anti-
monene islands, suggesting some adsorbate on the islands. It
is very interesting that the curve of the Sb 4d peak in the XPS
result in Figure 4d is unchanged after air exposure, meaning
that no chemical reaction of the antimony happened during
air exposure. Moreover, we annealed the sample at 380 K for
10 min to de-gas it. Figure 4c,d (wine curve) shows a typical
STM image and the XPS result after annealing. It is interesting
that the STM image is quite similar to the result before air
exposure. The XPS curve is also consistent with the one before
the exposure. These combined measurements are strong evi-
dence that the Sb atoms of monolayer antimonene are quite
inert to air. Very chemically inert, wide-bandgap antimonene
obviously has potential for future electronic applications.

In summary, we have successfully grown monolayer anti-
monene on a PdTe, substrate. LEED and STM measure-
ments demonstrate high quality of the epitaxial antimonene.
Such monolayer antimonene has a buckled graphene-like
configuration. In addition, calculations reveal that the Sb
atoms chemically bind directly to each other. The interaction
between monolayer antimonene and the substrate is via a
weak van der Waals force, as demonstrated by experimental
XPS measurements. Moreover, STM and XPS measurements
from our air exposure experiment show the excellent sta-
bility of monolayer antimonene. This work provides an effec-
tive method to produce high-quality monolayer antimonene
that is very chemically inert and has a large bandgap, a sig-
nificant advance for developing electronic and optoelectronic
nanodevices.

Experimental Section

Sample Preparation and STM Experiments: The antimonene monolayer
was fabricated on a PdTe, substrate in an ultrahigh vacuum (UHV)
chamber, with a base pressure of 2 x 1071° mbar, equipped with standard
MBE capabilities. The PdTe, substrate was cleaved from the single crystal
in UHV. Antimony atoms (Sigma, 99.999%) evaporated from a Knudsen
cell were deposited onto the freshly cleaved PdTe, substrate, kept at
400 K. After growth, the sample was transferred to a chamber with LEED
and STM equipment for measurements. In the oxidation experiment,
the sample was exposed to pure air at a pressure of 1 x 10° Pa for
20 min in a load-lock chamber, and then was transferred back into the
UHV chamber to further obtain STM or XPS measurements. All STM
measurements were performed at room temperature with a chemical
etched W tip.

XPS Measurements: The in situ X-ray photoelectron spectroscopy
measurements were performed at the Beijing Synchrotron Radiation
Facility (BSRF). The samples were stored in a UHV suitcase for transfer
among different experimental stations. The synchrotron radiation light
monochromated by four high-resolution gratings and controlled by a
hemispherical energy analyzer has a photon energy in the range from
10 to 1100 eV. The photon energy of XPS experiments was 500 eV for Pd
3d, 720 eV for Te 3d, and 180 eV for Sb 4d measurements, respectively.

Calculation Method: The density-functional calculations were per-
formed with the Vienna ab initio simulation package (VASP)? using
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projector-augmented wave (PAW) pseudopotential in conjunction with
the Perdew—Burke—Ernzerhof (PBE) functional, and the plane-wave basis
was set to an energy cutoff of 500 eV. The calculation model consisted of
monolayer Sb, monolayer PdTe,, and a vacuum layer larger than 20 A. All
the structures were relaxed until the force on each atom was less than
0.01 eV A" and the break condition for the electronic self-consistent
loop was 1 x 107> eV. The Brillouin zone was sampled by a (12 x 12 x 1)
Gamma centered k-mesh.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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