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ABSTRACT

Antimonene, the two-dimensional phase of antimony, appears in two distinct allotropes when epitaxially grown on Bi2Se3: the puckered asymmet-
ric washboard (a) and buckled honeycomb (b) bilayer structures. As-deposited antimony films exhibit varying proportions of single a and b struc-
tures. We identify the conditions necessary for ordered, pure-phase growth of single to triple b-antimonene bilayers. Additionally, we determine
their electronic structure, work function, and characteristic core-level binding energies, offering an explanation for the relatively large chemical
shifts observed among the different phases. This study not only establishes a protocol for achieving a single b phase of antimonene but also pro-
vides key signatures for distinguishing between the different allotropes using standard spectroscopic and microscopic techniques.
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I. INTRODUCTION

The term “antimonene” refers to a two-dimensional (2D) layer of
antimony atoms.1 The properties of this material stem from its genu-
inely 2D structure combined with antimony’s strong spin–orbit cou-
pling, which is essential for supporting non-trivial topology in its
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electronic structure.2–5 This is why antimonene has attracted signifi-
cant attention; fundamental research in areas such as spintronics,6,7

photonics,8,9 and thermoelectricity,10–12 among others, as well as appli-
cations in electrochemistry,13–15 sensing,16–18 energy storage,19,20 and
biomedicine,21,22 could greatly benefit from its study.

The experimentally realized atomic structures of antimonene are
limited to the puckered asymmetric washboard and the buckled hon-
eycomb geometries, known as the a and b phases, respectively. These
structures correspond to the 2D limits of the orthorhombic A17 (black
phosphorus) and the rhombohedral A7 (blue phosphorus) bulk phases
of antimony. Predicted alternative structures, such as d- and c-antimo-
nene, have been found to be thermodynamically unstable from their
phonon dispersion spectra, exhibiting imaginary vibrational modes,23

which explains their absence in the experimental results. Additionally,
there have been reports in the literature of a flat honeycomb allotrope
of antimonene on Ag(111)24 and Cu(111),25,26 although these struc-
tures were later identified as alloys.27

The electronic band structures of both the a and b allotropes
have been extensively studied with first-principles calculations.28–31

a-antimonene shows a quasi-direct bandgap of 1.43 eV at the C point
(the indirect one being 1.18 eV), while b-antimonene exhibits an indi-
rect bandgap up to 2.28 eV, as estimated by density functional theory
(DFT) calculations.30 Both phases are predicted to exhibit interesting
topological phenomena, paving the way to time-reversal symmetry-
protected electron transport.32–35 In particular, the a-antimonene
phase was recently reported to be topologically non-trivial, belonging
to the quantum spin Hall class with a high spin Chern number.36,37

In turn, the b allotrope shows a strain-dependent bandgap,38 as
well as a thickness-dependent electronic band structure, ranging from
that of a semiconductor to that of a topological semimetal.30

Moreover, a MOSFET made by b-antimonene was successfully simu-
lated, showing promising I/V characteristics39–41 and very recently,
also the a allotrope was proposed in a transistor able to match the
requirements of high-performance devices.42

Mechanical or liquid-phase exfoliation from bulk antimony pri-
marily results in multilayer flakes.43,44 Therefore, significant effort is
devoted to developing new methodologies for isolating single layers,
potentially enabling the scalable production of high-quality flakes.45

Another effective way to synthesize antimonene flakes is using van der
Waals epitaxy in a tube furnace.46 However, physical vapor deposition
is particularly promising for producing 2D material layers with con-
trolled structures. This method provides precise thickness control, is
conducted in an ultrahigh vacuum (UHV) to prevent contamination,
and is solvent-free, which reduces environmental impact. Currently,
the synthesis of a and b allotropes as single layers relies on Sb evapora-
tion on suitable substrates. Specifically, epitaxial growth of antimo-
nene, whether in the a or b phase, has been demonstrated on materials
such as Bi2Te3,

47–49 Bi2Se2Te,
50,51 Sb2Te3,

52 PdTe2,
53 graphene,54,55

highly ordered pyrolytic graphite,56 SnSe,33,35 TiSe2
34 MoS2,

56 and on
metals likeW(110)57,58 and Bi(111).59,60

Among all the substrates, a prototypical topological insulator like
Bi2Se3 is of particular interest, as its surface structure is nearly lattice-
matched with that of b-antimonene while naturally facilitating the for-
mation of the a phase during the Sb deposition process.1,61,62

Surprisingly, b-antimonene becomes metallic in contact with bismuth
selenide, inheriting its topological properties, due to a proximity
effect.31,47,52,63 Moreover, the topological surface state (TSS) of Bi2Se3

with a b-antimonene overlayer was also shown to have much stronger
surface localization with respect to the TSS hosted by the pristine sub-
strate, revealing a giant and tunable out-of-plane spin polarization,7 of
paramount importance for spin-charge interconversion devices.64,65

Similarly, an even stronger surface localization and a nontrivial spin
texture can be expected for thicker b-antimonene films.63 Therefore,
leveraging these phenomena in real devices requires a comprehensive
understanding and complete control of the growth process.

In this article, we present results from our previous investigations
on the Sb/Bi2Se3 system, supplemented by unpublished data. A com-
prehensive analysis of Sb epitaxially grown on Bi2Se3 is then presented
as a function of coverage and temperature, using a combination of
scanning tunneling microscopy (STM), angle-resolved photoemission
spectroscopy (ARPES) and core-level photoemission spectroscopy,
complemented by DFT and atomistic thermodynamics calculations.
These high-resolution, surface-sensitive techniques are particularly
suitable for characterizing epitaxial growth and (electronic) structure
of adlayers under UHV. The ultimate aim of this research is to deter-
mine the optimal conditions for achieving a specific antimonene
phase, thereby enabling full exploration of its electronic properties.

II. EXPERIMENTAL

A clean and ordered surface of Bi2Se3(0001) was obtained by
exfoliating a bulk sample in UHV conditions. The structural ordering
of the sample was confirmed by low energy electron diffraction and by
STM. Antimony was sublimated from a temperature-controlled
Knudsen cell. All depositions were performed with the sample at room
temperature (RT). In this work, due to the layered atomic geometry of
both allotropes, we refer to a single antimonene ‘sheet’ to mean a con-
tinuous bilayer, extended across most of the sample surface. Coverage
is reported in terms of a percentage hSb of full coverage (FC) of the
b-antimonene phase, i.e., 2 Sb atoms per Bi2Se3 surface unit cell. The
temperature calibration of the sample was performed by exploiting the
known surface phase transition undergone by the system consisting of
more than 0.75 FC of Sb deposited on Ag(111), as detailed
elsewhere.62

STM images were recorded by using an Omicron LT-STM
housed in a UHV vacuum chamber with base pressure below
1� 10�10 mbar. The STM images were acquired at 80K using a W tip
cleaned by electron bombardment in UHV. The STM scanner was cal-
ibrated by measuring the clean Bi2Se3(0001) surface. Bias voltage is
referred to the sample, hence positive (negative) bias corresponds to
empty (filled) states.

ARPES and core level spectroscopy experiments were performed
at two complementary beamlines, namely, the VUV-Photoemission
and BaDElPh beamlines of the Elettra synchrotron in Trieste (Italy) at
RT with 20 and 75 eV photon energies, p-polarized light. The VUV-
Photoemission beamline endstation is equipped with a Scienta R4000
electron spectrometer, while the BaDElPh beamline endstation features
a Specs Phoibos 150 analyzer. The angle between the photon beam
(horizontal polarization) and the analyzer is 45� for the VUV setup
and 50� for the BaDElPh setup. The photoelectrons were collected
within the light scattering plane.

The Sb/Bi2Se3 interface was modeled using DFT as implemented
within the quantum-ESPRESSO suite.66 The PBE exchange-
correlation functional67 was used along with the Grimme-D2 van der
Waals coupling.68 A plane wave and pseudopotential framework
(ultrasoft flavour69) was adopted (cutoff 45Ry). Spin-orbit coupling
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was included throughout. The substrate was modeled using a Bi2Se3
slab containing six quintuple-layers and using the experimental surface
lattice constant of 4.143 Å. Sb layers were added to both sides of the
slab, with at least 20 Å of vacuum separating periodic replicas. For the
b-antimonene phase a 15� 15� 1 k-point mesh was used. The a-Sb
phase was modeled using a (1� 4) supercell, and a 15� 5� 1 mesh.
During geometry optimizations the Sb atoms and outermost 4 atomic
layers of Bi2Se3 were allowed to relax freely. Obtained geometries were
consistent with previous works.1,61,62 To provide further support for
our results we have performed additional VASP70,71 calculations for
b-antimonene on Bi2Se3. These calculations show similar results for
the band structure to our quantum-ESPRESSO and earlier DFT
data.63,72

Core level shifts (CLSs) were evaluated by DFT calculations, again
with ultrasoft PBE pseudopotentials. The Sb atoms with the core hole
were associated with a pseudopotential generated with a hole in the 4d
orbitals. Integration in the reciprocal space were performed using the
C point after preliminary test calculations on the CLS (error of the
order of tenths of millielectronvolt). The cell used in the calculation
was fixed at dimensions 2� 4� 7, with 4 alternate atomic layers of Bi
and Se. Test calculations with cell 2� 4� 10 showed that the CLS
error is again of the order of tenths of millielectronvolt. The common
reference state to compute the CLSs was chosen to be a free Sb atom
with a 4d core hole, and fixed at about 10 Å from the topmost layer
of Sb.

III. RESULTS

The typical appearance of the partially covered surface (hSb¼0.5)
at RT is displayed in Fig. 1(a). The islands appear jagged, the bound-
aries irregular. The a-phase islands are characterized by randomly ori-
ented stripes, whereas the b-phase islands appear flatter and more
ordered. The structure of ordered and disordered domains and their
stability were already addressed in Refs. 61 and 62 on the basis of
atom-resolution STM, high energy resolution ARPES and DFT
simulations.

Most of the islands show the a-antimonene phase of 1 BL thick-
ness, while some other flat islands of double and triple BL thickness
exhibit the b-antimonene atomic structure (lighter orange color).
Importantly, we observed neither large single BL domains of
b–antimonene, nor domains of a-antimonene more than 1 BL thick.

After initial annealing at 473K [Fig. 1(b)], a islands disappear
and transform into the 1 BL b islands.62 With further annealing, the
effects of dewetting become apparent: the 1 BL islands disappear in
favor of mostly 2 BL thick ones with the b-antimonene structure
[Fig. 1(c)].

Starting with a larger coverage (slightly below hSb¼1) at RT
[Fig. 1(d)], the domains of a-antimonene cover most part of the sur-
face and are accompanied by 2 and 3 BL thick flat islands exhibiting
the b structure. It is interesting to notice that the 3 BL thick yellow
island, with the shape of a slice of cake or pie having an angle of exactly
60�, is reminiscent of its honeycomb structure and the honeycomb
structure of the layer below. Upon annealing at 473K for 45min (i.e., a
duration well above the completion of the a to b phase transition62)
the surface appears like in Fig. 1(e), where the a phase is no longer pre-
sent and the 1 BL b domains are reduced in favor of 2 BL b domains.
Moreover, part of the surface begins to uncover, and with prolonged
annealing (60minutes), as shown in panel (f), the surface becomes

further exposed (dewetted), revealing b domains with a thickness of
up to 4 BL.

We do not observe a domains thicker than 1 BL for RT growth,
and no a domains of any thickness for annealed samples. Both find-
ings are in line with the peculiar character of the a phase of being sta-
ble depending on the temperature62 and on the thickness, as
previously reported for Ge(110)/graphene supported antimonene.55

While the formation of large ordered 1 BL b–antimonene was not
observed without annealing, 2 and 3 BL b domains can form already
at RT, although they do not dominate the thickness distribution.

What matters most in real devices, is the formation of a specific
phase on a large scale. For this purpose, we studied the electronic band
structures as a function of Sb coverage and annealing steps to identify
each phase. We used the ARPES technique, whose typical field of view
is about 100� 300lm2. The band structures displayed in Fig. 2(a) for
1, 2 and 3 BL b-antimonene on Bi2Se3 were computed by DFT for

FIG. 1. STM images taken at 80 K of the Bi2Se3 surface, hSb¼0.5 coverage (a–c)
of Sb at RT (500� 500 nm2, þ1 V, 2 nA). (a) Prior to the annealing (b) after anneal-
ing to 473 K for 30 min; (c) after annealing to 473 K for 60 min. STM images taken
at 80 K, for a Sb coverage of nearly hSb¼1 at RT (d–f); (d) prior to the annealing
(e) after annealing to 473 K for 45 min (f) 200� 200 nm2 image (þ1 V, 5 nA), after
annealing at 473 K for 60 min. The labels a; b, 2b, 3b, or 4b stand for 1 BL a, 1,
2, 3, or 4 BL b, respectively. The Bi2Se3 substrate is depicted in the darkest color.

Applied Physics Reviews REVIEW pubs.aip.org/aip/are

Appl. Phys. Rev. 12, 011336 (2025); doi: 10.1063/5.0246306 12, 011336-3

VC Author(s) 2025

 12 July 2025 20:32:06

pubs.aip.org/aip/are


comparison. We did not calculate the band structure of the a phase. Its
incommensurate lattice (with respect to Bi2Se3) leads to several rotated
domains:62 as a result, no clear spectroscopic features can appear in
the ARPES data (see below). The DFT calculations for 1 and 2 BL
b-antimonene are in line with the previous reports.51,63 The band
structure of 3 BL b resembles that of 2 BL, with an additional charac-
teristic shape at the zone center, marked by a green arrow (top right
corner). This feature, together with the other peculiar features of 1 BL
and 2 BL structures (see arrows in the corresponding panels) will be
used in the following as fingerprints of the different thicknesses in the
ARPES spectra.

To give a more comprehensive overview of antimonene forma-
tion on Bi2Se3 for different temperature and flux conditions, we pre-
sent in Fig. 2(b) a collection of ARPES data in the form of a so-called
“transit map.” In order to reach a specific antimonene phase one needs
to follow the four colored lines that evidence the different preparation
sequences discussed in the text. The ARPES data were acquired along
the KCK high symmetry direction. In the panel, the coverage increases

from left to right while the annealing duration and temperature
increases from top to bottom. The binding energy and wave vector
scales are indicated on the top left map. Each ARPES panel is associ-
ated with a surface structure that is schematically represented in the
inset in the bottom left corner. The colors of the arrows correspond to
the different antimonene structures.

The topmost row, connected by the cyan path, shows the evolu-
tion of the band structure as a function of the coverage prior to anneal-
ing. The first panel shows the band structure of clean Bi2Se3 with its
Dirac point marked by a gray arrow. The initial deposition of Sb leads
to a weakening of the TSS of Bi2Se3 (gray arrow) without other clear
spectroscopic features. This observation is in line with the poor struc-
tural order of the a allotrope and with the presence of different rota-
tional domains.62 For a higher Sb coverage, we can see the appearance
of weak bands related to the 2 BL b allotrope, in agreement with the lit-
erature.51 Together with the information provided by STM, we can
conclude that epitaxial growth of the a allotrope is limited to 1 BL,
while the Sb in excess is allocated in 2 BL b-islands. The high

FIG. 2. Panel (a) DFT band structure for 1, 2, and 3 BL of b-antimonene on Bi2Se3 along KCK high symmetry direction. The characteristic electronic features are marked by
colored arrows. (b) ‘Transit map’ of the antimonene growth strategy. In analogy with a transit map (e.g., metro or Tube map), the colored paths are referred to as cyan (deposi-
tion line), black (annealing line), red (mixed line) and brown (b sheet line). ARPES data along KCK direction. Top left panel, schematics of the different antimonene phases.
The insets schematically indicate the coverage and composition of the adlayers (see the text for more details). The binding energy and wave vector scale are indicated on the
first panel. The data are taken at RT with photon energy of 20 eV. Darker color corresponds to higher photoemission intensity.
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background can be attributed to the contribution of the dominating a
phase, in agreement with the STM observation. Further Sb evaporation
does not lead to an enhancement of 2 BL b features, but to the emer-
gence of new sharp states relative to the 3 BL thick b phase (indicated
by the green arrow).

The black line follows the evolution of the surface prepared with
a fixed coverage, mostly consisting of the a phase as confirmed by the
STM measurements, followed by several annealing steps. When the
surface is annealed for the first time, the bands of 1 BL b clearly
emerge (panel “1BL b sheet”), in line with the literature.7,62,63 Due to
the higher surface atomic density of the a phase compared to the b
phase, full coverage in the b phase is achieved with only two-thirds of
the surface covered by antimonene in the a phase. Further annealing
leads to the appearance of 2 BL b islands, in line with STM findings, as
shown in Fig. 1(c). This is also corroborated by the observation of clear
fingerprints of the almost pure 2 BL b–antimonene phase emerging at
the end of black line, i.e., after annealing at higher temperature.
However, this procedure does not result in a complete 2 BL b surface,
due to the unavoidable presence of uncovered areas of the substrate, as
shown in the STM data (see Fig. 1).

To overcome the problem of the dewetting and to reduce the
uncovered areas of the surface, it is natural to consider increasing the
initial coverage of Sb before annealing. However, the annealing of
thicker samples, that already contain 2 BL or 3 BL b domains, leads to
mixed phases as shown at the end of red/cyan paths: there is always a
contribution of the 1 BL b phase, as a result of the transformation
from the 1 BL a phase. We can also observe the formation of the 3 BL
b phase, well distinguishable from its characteristic band structure.
The higher the Sb coverage, the higher the contribution of the 3 BL b
phase, so that the 2 BL does not form as a single b phase, in agreement
with STM results.

Very good quality 2 BL b bands emerge only when Sb is depos-
ited on top of a 1 BL b phase, even without annealing (follow the
brown line, second row). Moreover, further annealing does not under-
mine the quality of the surface and only an additional deposit of Sb
improves the band structure (panel marked “2BL b sheet”). The large-
scale, full-coverage and single-phase 2 BL b-antimonene necessarily
requires a template layer of 1 BL b. Similarly, the 3 BL b phase can
form on top of the 2 BL b structure even without annealing (end of
brown line, panel marked “3BL b sheet”). Therefore, the ordered
growth of 2 BL and 3 BL b structures requires a three–step procedure
(i.e., growth þ annealing þ growth) across the 1 BL a and 1 BL b
phases.

In order to explain the observed growth processes, we assessed
the relative stability of the various Sb/Bi2Se3 phases using atomistic
thermodynamics and DFT. Figure 3(a) shows the formation energy
per area (Dc) computed from the grand (Landau) potential.62 It
describes the relative stability of a particular adlayer during a deposi-
tion process in the presence of a gaseous flux, and depends on the Sb
chemical potential (Dl ¼ lSb � lSb atom), DFT total energy, and sur-
face atomic density. Instead, the formation energy per atom, DfN , dis-
played in Fig. 3(b) depends solely on the total energy and directly
determines the favored geometry during the annealing stages, when
the coverage is kept fixed.1 Although the computed energies refer to
uniformly covered substrates and not to finite islands, with kinetic pro-
cesses not considered to be important, information can nonetheless be
gleaned from the calculations. In the context of the real experiments

performed in this work, the phase diagram explains the geometry of a
specific large island in terms of the local Sb coverage. A value of about
Dl ¼ �3:7 eV explains most of the observed data.

During the initial deposition stage, the average Sb coverage
remains relatively low and therefore islands of no more than 1 BL
thickness are expected to form. According to Fig. 3(a), growth of pure
a (or mixed a/b) domains are thermodynamically favored for
Dl � �3:75 eV. Indeed, the 1 BL a phase is always favored over the 1
BL b in the limit of large (positive) chemical potential for any pnictide
adatom.1 This is consistent with the STM observations in Fig. 1(a)
(note the absence of large 1BL b domains) and the featureless ARPES
spectrum [“1 a islands” in Fig. 2(b)] appearing after the initial Sb depo-
sition. Nonetheless, on sample areas with a higher local Sb concentra-
tion, more stable phases of higher coverage may appear [Fig. 3(c)].
Thus, local island growth of 2–3 BL b is observed in the top-right cor-
ner of Fig. 1(a). With further Sb deposition across the substrate, thicker
b phases are predicted to form, as indeed detected along the horizontal
path tracked by the ARPES measurements [uppermost cyan path in
Fig. 2(b)].

Once the flux is removed, the number of Sb atoms is kept con-
stant and the stability is simply determined by DfN as shown in
Fig. 3(b). The as-deposited 1 BL a phase results to be less stable than
all other phases under these new conditions. Depending on the kinetic

FIG. 3. (a) Thermodynamic phase diagram for a and b phases of antimonene on
Bi2Se3 in the presence of the Sb flux. As deposition continues, phases of higher
coverage become thermodynamically accessible (dashed arrows). (b) Formation
energy per atom during the annealing stage, in the absence of the gaseous reser-
voir. Possible phase transformations are indicated by solid arrows. (c) Schematic
depiction of the deposition and annealing mechanisms.
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energy barrier,1,62 annealing time and temperature, island size and
available space on the substrate, it can transform to a more stable con-
figuration [Fig. 3(c)]. In particular, the 1 BL a ! b transformation is
clearly identified in Fig. 1(b) and along the vertical black/brown path
in Fig. 2 leading to “1b islands.” By recording STM images as a func-
tion of annealing time, we previously demonstrated62 that this indeed
occurs and estimated, using nudged-elastic-band calculations, a transi-
tion barrier of only 240meV/atom, i.e., quite accessible at the present
experimental conditions of annealing temperature and time.1 With
further annealing, large 1 BL b islands are also predicted to transform
to more stable (albeit smaller, via a dewetting mechanism) 2 or 3 BL b
islands, as indeed observed in Figs. 1(c) and 2(b) (vertical black path,
terminating in “2b islands”). The 1 BL a ! b annealing transition is
also observed for mixed as-deposited phases (e.g., last step of cyan
path). Finally, once all the a phase has been (irreversibly62) removed
via annealing, the phase diagram in Fig. 3(a) becomes valid again as
further deposition implies, as before, the progressive growth of higher
coverage phases on top of the 1 BL b layer. This is clearly observed
along the horizontal brown path in Fig. 2(b) passing through “2b
sheet” and terminating at “3b sheet.” Note that for a three-step
deposit-anneal-deposit procedure, the relative stability of the various
Sb phases is in turn governed by Dc, then DfN , and then again by Dc:
grown phases that suddenly appear metastable when the boundary
conditions change may remain due to kinetic barriers.

As mentioned above, the a phase does not show any clear spec-
troscopic signature in the valence states. For this reason, we performed
systematic core-level spectroscopy measurements in surface-sensitive
conditions. The spectra shown below were acquired once the substrate
was fully covered (sheet) and the antimonene phases were ascertained
by ARPES. The data for Sb4d, Se3d and Bi5d core levels are reported
in Figs. 4(a)–4(d). The Sb4d level relative to the a phase [Figs. 4(a) and
(b)] shows an approximate binding energy of 31.95 eV for the 5/2 peak
(33.20 eV for the 3/2 peak), as extracted from the peak fitting proce-
dure (with an estimated uncertainty of 6 0.05 eV). Upon transition to
1 BL b, a rigid shift of about 0.25 eV toward lower binding energies is

recorded, with the emergence of a broader component at 31.70 eV.
The shoulder at higher binding energies can be related to remnants of
the 1 BL a phase, due to an incomplete phase transition. Upon transi-
tion to 2 BL b, the relative core level experiences a backward shift of
about 0.30 eV (32.00 eV), with a clear second component emerging at
higher binding energies. The Sb4d peak of the 3 BL b structure displays
nearly the same binding energy of the 2 BL b case, though with a more
pronounced second component.

We also followed the behavior of Bi5d and Se3d core levels and
found that they show a continuous positive CLS from the growth of
the a phase, to the transition to 1 BL b, up to thicker coverage [Figs. 4
(c) and 4(d)]. The largest CLS occurs for the transition from 1 BL a to
1 BL b with negative core level shift of about 0.10 eV for Bi5d and
0.15 eV for Se3d peaks. The large CLS of Sb4d could be used to identify
in particular, the presence of the 1 BL b allotrope in mixed phase sam-
ples by means of photoelectron spectroscopy studies. From the binding
energy positions of Se3d, Bi5d, and their relative intensities, one can
also be sensitive to 1 BL a, 2 BL, and thicker b phases.

However, the core level spectra do not show notable spectro-
scopic signatures, only the corresponding ARPES maps allowed us to
make the assignment to a specific antimonene phase. Calculated bind-
ing energy shifts (colored bars) have been overlaid on the Sb4d5=2 core
level spectra and displayed in Fig. 4(b) to complement the experimen-
tal outcome. The bars relative to all spectra have been rigidly shifted by
31.85 eV to account for the measured binding energy of the a phase.
We considered six non-equivalent atoms components for 1 BL a and
two for 1 BL b. Four components are expected for 2 BL b, with three
of them nearly degenerate in energy, and six for 3 BL b. A negative
CLS is predicted for 1 BL b with respect to 1 BL a, and positive shift
for 2 BL b with respect to the 1 BL b allotrope. The calculations show
an overall good agreement, with a negative CLS for 1 BL b and similar
binding energies for the other phases.

In order to understand more deeply the binding energy shifts in
the photoemission spectra, we calculated the work functions (WFs) for
different antimonene allotropes on the substrate, as well as for the

FIG. 4. Core level spectra for (a)–(b) Sb4d, (c) Se3d, and (d) Bi5d5=2 relative to the bismuth selenide substrate and to the antimonene phases. The data are taken at RT with a
photon energy of 75 eV. A linear background was subtracted from the spectra. Vertical bars under the Sb 4d5=2 spectra indicate the energy position of the calculated core level
shifts. (e) The calculated work functions are represented by colored bars, with longer bars indicating higher values. (f) Band alignment between 1 BL b free-standing antimo-
nene and Bi2Se3 substrate. Label D indicates the Dirac point of the Bi2Se3 substrate.
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clean substrate alone [Fig. 4(e)]. All the allotropes show a significant
decrease in the WF with respect to Bi2Se3, in line with their metallic
character. The change of the WF mimics the behavior of the Sb4d BE,
with the highest WF value (of 4.53 eV) exhibited by the 1 BL b. We
notice that the WFs values differ at least by 0.05 eV among the differ-
ent phases; therefore, different allotropes can be distinguished by care-
ful measurement of secondary electrons cutoff, for instance by
photoemission electron microscopy or by Kelvin probe techniques.

By using the above WF values, we deduced the band alignment
between Bi2Se3 and free-standing 1 BL b-antimonene (WF¼ 3.92 eV),
as shown in Fig. 4(f). The valence band maximum (VBM) of antimo-
nene lies well above the conduction band minimum (CBM) of Bi2Se3,
resulting in a so-called type-III (or broken gap) alignment.73 Despite
the expected gap underestimation (0.93 eV), typical of PBE calcula-
tions, for antimonene we expect the same band alignment for an elec-
tronic gap up to 2.30 eV, as marked by dotted lines within the CB and
VB of free-standing antimonene. As a result, a strong transfer of elec-
trons to Bi2Se3 occurs, so that 1 BL b-antimonene becomes p-doped
while the Bi2Se3 becomes n-doped. This can also be confirmed by the
core level shifts of Se and Bi [Figs. 4(c) and 4(d)]. A strong perpendicu-
lar dipole is hence created at the interface between Sb and topmost Se
atoms. For thicker coverage, the surface field gradient reduces gradu-
ally leading to a Sb4d core level BE close to its bulk value. The dipole
indeed remains buried and possibly neutralized at the interface, as
demonstrated by the Se and Bi core levels that barely change their BEs.

We emphasize that the Sb4d value of 31.70 eV BE, for 1 BL
b-antimonene, is the lowest value reported for similar systems. Indeed,
on substrates such as PdTe2, Bi2Te3, and Sb2Te3, the Sb4d core level
was found in the 32.0–32.3 eV BE range.47,52,53 As a consequence, the
WFs values approach that of the free-standing b-antimonene, leading
to much less charge transfer at the interface. This is why the position
of the Dirac point of the migrated TSS in those systems, is located very
close to the Fermi level.31,47,52

More generally, due to the buckled structure of two-dimensional
materials, the value of the electronic gap, the work function, and hence
the amount of the charge transfer, might be tuned by strain.34,74

Doping is also another way to change the electronic properties.75 A
notable example is bismuthene, for which a large WF difference and
therefore a broken gap band alignment is also predicted, leading to a
strongly p-doped Dirac cone similar to antimonene.31,76 Such kind of
band alignment allows for an increase in the tunneling current den-
sity,77 possibly leading to the negative differential resistance phenome-
non, of paramount importance for tunneling field effect transistors.

IV. CONCLUSIONS

A detailed study on the growth of antimonene allotropes on
Bi2Se3 was conducted using STM, ARPES, and core-level photoemis-
sion, complemented by DFT based electronic band structure and ther-
modynamics calculations. Growth protocols were identified to form
single-phase allotropes that can be epitaxially grown on Bi2Se3. The
puckered a phase forms at room temperature but becomes unstable
beyond full coverage or at higher temperatures, where it transforms
into the more stable hexagonal b allotrope. Large-scale, single-phase
monolayer (1 BL) b structures emerge only after annealing, necessitat-
ing a two-step process (growth þ annealing). In contrast, achieving a
complete single phase of 2 BL b or thicker depends on using the 1 BL
b structure as a template, necessitating a three-step process (growth
þ annealing þ growth). The 1 BL b-antimonene exhibits an unusually

high Sb 4d core-level shift due to the formation of an interface dipole,
which is compensated in thicker layers. This dipole leads to a type-III
band alignment, potentially useful in tunneling field-effect transistors.
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