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This study investigates the electronic properties of the borophene p,, phase on Ag(111) and correlates them
with specific structural features by combining high-resolution core-level photoelectron spectroscopy, X-ray
photoelectron diffraction, and density functional theory-based calculations. We establish a link between the
atomic coordination number of the non-equivalent B atoms in the g, unit cell and the observed spectroscopic
signatures in the B 1s spectrum. This finding is conclusively proven by photoelectron diffraction, which

DFT confirms that this polymorph exhibits minimal corrugation on Ag(111). These results contribute to a deeper
understanding of the properties of various borophene structures on metallic substrates and may stimulate
further studies in realizing nanoscaled structures where the atomic coordination number plays a central role.

1. Introduction

Borophene stands out as one of the most intriguing members among
two-dimensional (2D) materials, collecting significant attention due to
its potential applications across various fields such as nanoelectronics,
energy storage, and catalysis [1-7]. In contrast to graphene, a semi-
metal, and to hexagonal boron nitride (hBN), a large-gap insulator,
borophene is predicted to exhibit metallic properties, making it often
considered the lightest 2D metal ever produced [8-10]. Boron’s adapt-
ability in forming diverse chemical bonds in bulk is well-established,
with several 3D boron allotropes predicted and investigated [11]. Thus,
a wide array of planar 2D boron polymorphs, each featuring unique
atomic arrangements, was largely predicted by theoretical investiga-
tions. Such variety of polymorphs shows a broad number of local
geometries and the B atoms can form bonds with nearest neighbors
with an atomic coordination number (CN) of 3, 4, 5 and 6 [12]. This
morphological plurality in borophene leads to intriguing electronic
properties like Dirac fermions [13-15] and superconductivity [16,17].
Its exceptional mechanical properties [18,19], coupled with excellent
conductivity, position borophene as a prime candidate for flexible
electronic devices.

The first direct synthesis of borophene on a surface occurred on
Ag(111) using molecular beam epitaxy (MBE) [20-22], a method which
has proven very effective in achieving high quality films with extended
in-phase domains in other 2D materials. This first realization and later
investigations revealed that the choice of substrate temperature growth
in ultra-high vacuum (UHV) are a critical parameter in determining
the structural properties of the borophene layer grown. The aforemen-
tioned experiments of deposition on Ag(111) showed the dominant
formation of two different crystalline phases depending on the substrate
temperature during the MBE growth.

Each borophene polymorph’s specific structure seems to activate
distinct electronic properties. Penev et al. [9] conducted comprehen-
sive first-principles calculations, identifying three stable polymorphs:
a-borophene, f;,-borophene, and y;-borophene. These polymorphs ex-
hibit diverse lattice structures and bonding characteristics, leading
to distinctive electronic properties. a-borophene showcases hexago-
nal rings of boron atoms with alternating in-plane and out-of-plane
buckling, inducing anisotropic bonding—a blend of strong covalent
interactions within the plane and weaker interplanar interactions, dis-
playing metallic behavior. On the contrary, §;, borophene adopts a
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triangular lattice with hexagonal vacancies, displaying semiconducting
properties. The vacancies expose boron atoms, enhancing the sheet’s
chemical reactivity and potential catalytic applications [21]. Lastly,
the y; polymorph features a rhombohedral lattice structure, exhibiting
metallic behavior [9]. Such vacancies in the layer leads to chain-like
structures in f,, and y; borophene, resulting in strongly anisotropic
structure [23].

Despite numerous theoretical predictions for freestanding 2D
borophene, this material lacks thermodynamic stability, unlike boron
bulk compounds and, consequently, borophene cannot be mechanically
exfoliated like graphene and cannot exist as unsupported material [24].
Furthermore, the peculiar nature of the B-B bonds leads to buckling
of boron atoms, which is also influenced by the chosen substrate [25].
This emphasizes the pivotal role played by the substrate in determining
the grown layer’s morphological phase and, consequently, its specific
electronic properties. The investigation of properties of the interfaces
formed by borophene and its supporting material, from both morpho-
logical and electronic perspectives, is thus recognized as a crucial step
in the characterization of the properties of this material and linking all
these aspects becomes extremely important.

In the last years, it has been shown that the g, structure is among
the energetically favorable structures that borophene can form on
Ag(111), with a small structural buckling and a high density of hexag-
onal vacancies [25-27]. Small corrugation is a distinctive features of
B, borophene on Ag(111), which can form much more corrugated
polymorphs on other metals [22]. Strong buckling and therefore a
strong periodic corrugation in the layer might alter the electronic
properties of borophene because of the consequent strain induced in the
B-B bonds. Similarly, in graphene, corrugation can lead to significant
effects such as the opening of a band gap, electron-hole puddles and
carriers scattering [28]; therefore, a comprehensive investigation on
the structure on the correlation between the structure of borophene
polymorphs on substrates and their electronic properties is still of
central relevance.

In this paper we investigate the features of f,, borophene epitaxially
grown on Ag(111), employing synchrotron-based high-resolution X-
ray photoelectron spectroscopy (HR-XPS), low-energy electron diffrac-
tion (LEED), and X-ray photoelectron diffraction (XPD) measurements
with a two-fold purpose. Our first goal is to experimentally estab-
lish a correlation between the observed electronic structure in XPS
and the coordination number of this borophene phase. Moreover, we
aim to investigate the possibility to individuate the spectroscopic fea-
tures induced by buckling. To complement these experimental efforts,
we incorporate density functional theory (DFT) calculations, shedding
further light on this specific interface.

2. Methods
2.1. Experimental methods

The experiments were carried out in the UHV experimental chamber
of the SuperESCA beamline at the Elettra synchrotron-radiation facility
in Trieste, Italy, maintaining a base pressure of approximately 1 x
10710 mbar during the experiments. The Ag(111) single crystal under-
went cleaning cycles involving Art ion sputtering (E; = 1 keV) and
subsequent thermal annealing (870 K, for 10 min.) to ensure surface
purity, confirmed via XPS. Borophene epitaxial growth occurred by
evaporating B atoms from a boron rod (American Elements, purity 2N8)
onto the Ag surface in UHV conditions using an electron-bombardment
evaporator. XPS, LEED, and XPD measurements were conducted within
the same UHV chamber where the samples were grown. The B 1s
spectra were acquired using various photon energies, as detailed later
in the manuscript. The sample was mounted on a five degrees of
freedom manipulator, enabling acquisition of core-level spectra with di-
verse azimuthal (¢) and polar () emission angles of photoelectrons for
generating XPD patterns. The overall energy resolution at the beamline
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was ca. 50 meV. Core-level photoemission spectra were collected using
a Phoibos hemispherical electron energy analyzer from SPECS (150 mm
mean radius), equipped with an in-house developed delay-line detector,
enabling high-resolution fast data acquisition during processes such as
gas exposure and temperature ramps of the sample [29].

The core-level photoemission spectra were fitted employing a linear
combination of Gaussian-convoluted Doniach-Sunjic (DS) profiles [30].
These profiles consist of a Lorentzian curve accounting for finite core-
hole lifetime effects, an asymmetry parameter describing low-energy
electron-hole pair excitations near the Fermi level, and a Gaussian
distribution representing phonon, instrumental, and inhomogeneous
broadening. Inelastic contributions were modeled using a Shirley back-
ground [31].

XPD patterns were obtained through 50 azimuthal scans across a
range of polar emission angles, from grazing emission (6 = 70°) to
normal emission (6 = 0°), encompassing a wide azimuthal sector (¢ =
100°) measuring the B 1s core level region for about 1000 different
angles. Peak fit analysis was performed for each spectrum, extracting
the angle-dependent intensity I (6, ¢) of each component from the fit,
i.e. the area under each photoemission spectral component, in an inter-
val between +2 and —3 eV with respect to the maximum of the spectral
peak. The intensity was used to derive the modulation function y =
%(_9;0(9) for each emission angle, where 1;() is the average intensity
for each azimuthal scan. The determination of the crystalline structure
involved the comparison between measured XPD patterns with multiple
scattering simulations using the Electron Diffraction in Atomic Clusters
(EDAC) package [32]. The geometry of the cluster used for simulations
is reported in Supplementary Material. The agreement between sim-
ulations and experimental results was quantified L;sing the reliability
factor (R), which is defined as R = Zitexpi=tsimi)_
i <1§xp,1+1’.r2im,i
Xsim; are the experimental and the calculated modulation functions
for each data point i, respectively [33]. The variance of the minimum
R-factor (4R,,;,,) stemming from the analysis was calculated [34], as de-
tailed in the Supplementary Material. Low-energy electron diffraction
(LEED) experiments were conducted using a commercial VG instrument
installed within the SuperESCA beamline experimental chamber.

, where y,,,; and

2.2. Theoretical methods

Density functional theory calculations were performed with the
VASP code [35]. To describe the surface, we used the usual slab
geometry, with a topmost layer including 75 B atoms, over a 4-layer
Ag slab. The two bottom layers of Ag were kept frozen at their bulk
geometry, with a lattice parameter of 2.948 A, and the rest of the
system was fully relaxed using the PBE until the largest residual force
was less than 0.015 eV/A. We employed the projector augmented
method (PAW) [36] using PBE [37] potentials. The plane wave cutoff
was set to 319 eV, and the relaxations were performed by sampling
the Brillouin zone using a 3 x 3 x 1 grid. Core-electron BEs have
been estimated in the final-state approximation, therefore including
also final state effects due to core-hole screening.

3. Results and discussion

B, borophene was obtained by directly depositing atomic B pro-
duced by an MBE evaporator on the Ag(111) substrate kept at 600
K, while monitoring the growth via fast-XPS acquisition of the B 1s
core level (Fig. 1a). The temperature of the substrate has been chosen
to achieve the f;, phase, as already described by several works [20,
21,27,38]. The photon energy used to acquire HR-XPS spectra was
hv = 250 eV and the data were collected at normal electron emission,
i.e. with the sample surface coinciding with the axis of the analyzer
lenses. The B 1s spectra reported in Fig. la were acquired every
five minutes since the beginning of B evaporation and each spectrum
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Fig. 1. (a) B 1s core level acquired via fast-XPS during the exposure of Ag(111) to B atoms, with the substrate at 600 K. Each spectrum is shifted in the vertical direction with
respect to the previous one for clarity. (b) High-resolution B 1s core level spectrum acquired after the growth. The various components B1, B2, B3 belong to the f,, phase of
borophene, while C1 and C2 are assigned to the presence of adventitious y; borophene. (¢) LEED pattern acquired on the borophene layer prepared at 600 K. The different colored
spots are associated to the three different equivalent crystalline domains of §,, borophene. The energy of the electron primary beam was 50 eV.

reported was acquired in ca. 15 s, with the total deposition amount-
ing up to about 30 min, for a calculated final coverage of 0.7 ML,
corresponding to a growth rate of 0.02 ML/min. By comparing this
spectrum to that one obtained by borophene exposed to atmospheric
conditions [21,39], we can conclude that no signal associated with the
formation of boron oxides (BE=192.3 eV) was detected. The B-related
signal is observed since the early stages of the evaporation process.
This can be seen as an indication that B does not diffuse into the bulk.
Markedly, no significant differences in the lineshape of the B 1s were
observed during the entire process, which is the fingerprint that the
borophene #,, phase grew by islands formation, thanks to the high
mobility of B feedstock on the substrate surface at 600 K. Such type
of growth is considerably different from the outcomes observed on
another noble metal such as Au(111). In that case, with the substrate
kept at the same temperature we used, B atoms dissolve in the Au
bulk and the borophene layer is formed by B segregation only once the
substrate cools down. The growth, in that case, results in borophene
islands that are incorporated in the first atomic Au layer [40].

The spectral analysis of the high-resolution B 1s core level (Fig. 1b)
for this layer shows three main components at a binding energy (BE)
of 189.55 eV (B1), 187.95 eV (B2), and 187.52 eV (B3). Moreover, we
also observed two smaller components C1 and C2, with a BE=188.46
and 187.66 eV, respectively. The binding energy of the B1, B2 and B3
components is compatible with the formation of g, phase [38], which
appears to be predominant on the surface. On the other hand, the C1
and C2 features can be associated to the presence of an adventitious y3
phase, and that can obtained by exposing the Ag(111) surface kept at
740 K to B (see Electronic Supplementary Material for the B 1s spectrum
acquired in that case). The formation of the §,, phase was confirmed
by acquiring LEED patterns (top panel in Fig. 1c), in line with the
outlines of earlier reports in the same system [20,21,38]. Besides the
main Ag(111) spots, three sets of borophene-related diffraction beams
appeared after the growth. Each set of spots, marked with red, blue, and
green circles, was associated with the rectangular unit cell of the g,
phase. A simulated LEED pattern using as input such a phase is shown
at the bottom of the figure and matches the experimental outcomes,

0.63 138
0.89 0 . Markedly,

although observed in XPS, no sign of y; phase was detected in LEED
patterns: this might be indicative of the formation of extremely small
crystalline domains for the y; phase.

More information on the electronic properties and morphology of
the p;, borophene phase were obtained from DFT calculations. In

returning a Park matrix equal to M =

Fig. 2a, we report the histogram of the B-Ag vertical distance, defined
as the distance from the first surface Ag layer, obtained from the
calculations. We observed that most of the atoms in the unit cell are
found at ca. 2.35 A from the topmost Ag layer, with a maximum
span of ca. 0.18 A around this value. Moreover, the borophene layer
does not induce any reconstruction of the Ag surface but rather leaves
the positions of the Ag atoms almost unaltered. These outcomes are
in line with earlier theoretical predictions [25-27] and are indicating
that borophene on Ag(111) has a very small corrugation, unlike what
happens on other metallic substrates; it is worth mentioning the case of
borophene on Ir(111), which shows a corrugation of 1.18 A and a dis-
tance from the topmost Ir layer of 2.1 A 411, By comparison, graphene
on Ir(111), which is regarded as an example of minimally-corrugated
graphene, has a vertical span of the C atoms of ca. 0.27 A [42].

From DFT calculations we also extracted the average bond length
of each B atom with its nearest neighbors. The map of distribution
of the B-B distances in the unit cell, defined as the average distance
to each neighbor, is reported in Fig. 2b. We observed a consistent
variability in these distances, which appear to be strongly depending
on the coordination number (CN) of each B atom, that can be deduced
by inspecting the ball model of the g, structure. Atoms with CN=4
show the largest B-B distances (1.75 i\), while atoms with CN=5 are
characterized by shorter B-B bonds (1.66 A). DFT calculations were
also used to obtain information on the link between the B 1s core
level shift of the various spectral component observed for B 1s and
the coordination number of the B atoms for this borophene phase. In
the crystalline structure of the p;, borophene we can identify three
distinct groups of atoms with CN= 4, 5 and 6, respectively. Hence, it
is reasonable to suppose that a distinctive core level shift is associated
to each of these groups, because of the strong effects due to the CN on
the electronic environment around each atom.

DFT-simulated core-level shifts for the B 1s are reported in Fig. 3a
to-
gether with the measured B 1s spectrum for comparison. We observed
that three very distinct set of core-level shifts were obtained, mirroring
the presence of three group of non-equivalent B atoms in the $,, phase.
By comparing the spectral analysis of the experimental data reported
in Fig. 1c with the calculated shifts, we conclude that the B1, B2 and
B3 components stem from B atoms with CN=6, 5 and 4, respectively.
Campbell and co-authors have reached a similar conclusion for the
B, phase on Ag(111) [38], although, in that case, they motivated
their interpretation in view of a theoretical prediction obtained for
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Fig. 2. (a) Histogram of the DFT-calculated distribution of the vertical distances between B atoms in the unit cell and the first Ag layer for g, borophene. (b) Map of the average
B-B bond length for the atoms in the g, phase. The coordination number CN of the three nonequivalent B atoms in the unit cell is shown.
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Fig. 3. (a) Calculated core level shift for B 1s superimposed to the B 1s spectrum measured after the growth. Dark red, red, and pink identifies core-level shifts associated with
atoms with CN=6, 5, and 4, respectively. (b) DFT calculated B 1s binding energy for the atoms in the unit cell of §;, borophene. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)

functionalized and defective graphene [43]. Herein, we have shown
that such trend can be also applied to the case of borophene. In Fig. 3b,
we show the distribution of the 1s core electron binding energy for
each B atom in the borophene layer. Markedly, the differences in BE
are largely determined by the CN of each atom in the layer, while
the effect of the adsorption site of the B atom on the value of the
BE for each atom on the Ag(111) surface is negligible, although small
differences can be observed. An overall evaluation of the output of our
DFT calculations seems to indicate the formation of the strong planar
B-B bonds atoms and a weak interaction of this borophene phase with
the Ag(111) substrate. Interestingly, the map of the B-B distances does
not correlate with the map for core electron binding energies.

Experimental verification of the outcomes of the DFT calculations,
also in relation to the link between the spectroscopic features observed
in XPS and the structural features of the borophene layer, was obtained
by means of XPD experiments. Such technique is based on the ac-
quisition of the angle-dependent photoemission intensity modulations,
which arise from the interference between the component of the photo-
electron wave field that reaches the detector directly from the emitting
atom and the components scattered by atoms surrounding the emit-
ter [33,44]. This makes XPD very sensitive to the local environment
surrounding the emitting atom, and thus makes it suitable to investigate
the local morphology and structure of crystalline layers, even for small
crystalline domains.
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Fig. 4. Stereographic projections of the modulation function y stemming from the B1, B2 and B3 components of the B 1s core level spectrum. The colored sector represents the
experimental data, and they are superimposed to the simulated scattering patterns (grayscale) that best fit the experimental outcome. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

In Fig. 4 we report the XPD patterns obtained for the g, struc-
ture, using a photon energy of 325 eV, such that the B 1s emitted
electrons have a kinetic energy of ca. 135 eV, in a regime for which
the electron backward scattering is enhanced [33,44]. This is the most
appropriate condition to study the morphology of a 2D layer on a
surface [45]. The colored sectors are experimental outcomes measured
from the angular modulations of the B1, B2, and B3 components of
the B 1s level reported in Fig. 1b. In order to extract information
from these data, we compared the experimental results with simulated
XPD patterns (grayscale sectors in Fig. 4) generated by each of the
three non-equivalent atoms in the g, on Ag(111) unit cell. A quanti-
tative agreement between the simulated pattern and the experimental
outcomes was obtained by means of R-factor analysis (see Methods
section for details), similarly to what has been already successfully
done for other 2D materials [45-51]. The initial input structure for
the diffraction pattern simulations was the structure we obtained from
DFT calculations. In addition to that, the simulations takes into account
the three equivalent crystalline domains in borophene due to the three-
fold symmetry of the Ag(111), as already observed in the LEED pattern
reported in Fig. 1.

The purpose of this analysis in the context of our characterization
was twofold: First, to provide a further confirmation to the results
obtained via DFT linking each core level shift observed in B 1s with
the CN of the B atoms. XPD is sensitive to this information, since we
can simulate diffraction patterns using as emitter each different non-
equivalent B atom in the unit cell of borophene, each of which has
a different CN and a well-established B 1s core level shift. Secondly,
we wanted to evaluate the extent of the corrugation in the borophene
layer. To do so, we proceeded as follows. DFT calculations returned
a distribution of B-Ag vertical distances, from which we deduced that
most of the B atoms sit at 2.35 A from the substrate. The maximum
vertical buckling amplitude in that case was 0.18 A. Therefore, we
simulated XPD patterns for a series of structures in which the buckling

0.6 [~
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©
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-0.2 0.0 0.2

Max.Buckling Amplitude (A)

Fig. 5. R-Factor analysis of the dependence on the maximum buckling amplitude for
the XPD patterns from B emitters with CN=6 (B1) and CN=4 (B3).

amplitude was varied in steps of 0.02 A. This amplitude was zero
when the structure was perfectly flat, with all the B atoms sitting at
2.35 A from the substrate. The maximum buckling amplitude is then
the difference between the vertical position of the B atom in the unit
cell which is located closer to Ag and the position of the B atom that is
more distant from the Ag surface plane. The XPD experiments and R-
factor analysis confirmed that the core level shifts B1, B2 and B3 are to
be assigned to B atoms with CN=6, 5 and 4, respectively. Moreover, we
observed that the minimum R-factor, reported in Fig. 5, was obtained
for the patterns B1 and B3 with a flat layer, for which the value of the
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buckling is close to zero, with R = 0.195 +0.014 and 0.179 +0.013
for B1 and B3, respectively. This outcome is in line with the results of
earlier experiments [38] that confirm the absence of corrugation for
borophene on Ag(111). On the other hand, the agreement for the B2
pattern is slightly worse (R = 0.361+0.075), but we could still associate
this pattern to B atoms with CN=5. We speculate that this outcome
could be due to the presence of the C1 and C2 components (belonging
to adventitious y; borophene) overlapping with the B2 peak and whose
modulations may therefore affect the diffraction-related modulations of
B2. Although the indication of no corrugation stemming both from DFT
and experiments is quite clear, we observe that the minimum of the
R-factor curve, for both B1 and B3, is rather broad; this indicates that
minimal buckling of the B atoms can take place, but it is certainly very
small when compared to the buckling of borophene on other metallic
surfaces [22].

These results may be instrumental to clarify several issues related
to the features of the g, phase on Ag(111). Such structure is reputed
one of the most interesting borophene polymorphs, since it is very
reactive with respect to other members of this family. Therefore, the
study of reactivity of this phase to various gases are reputed of primary
importance towards a full control of the properties of this material
and its functionalization. Examples of these possibilities are formation
of borophane, a semi-conducting layer resulting from the hydrogena-
tion of borophene on Ag(111) [39,52], the realization of a quasi-free
standing borophene bilayers on Ag(111) [53] or the studies about
the reactivity of borophene to oxygen [54,55], for which one could
control the anisotropic electronic transport properties by tuning the
coverage of O defects [56]. The limited corrugation of f,, borophene
on Ag(111) that we observe is a sign that the interaction with the
weakly-interacting Ag substrate acts as a stabilizer of the planar B-B
bonds and promotes the formation of a planar structure with strong
adhesive energy to the metallic substrate [25,26]. Moreover, it has been
shown that this borophene polymorph on Ag(111) seems to be more
active in the hydrogen evolution reaction (HER) than the free-standing
monolayer [57]. Interestingly, on the more corrugate f;,, borophene
on Cu(111), the activity towards the HER is reduced with respect to
the freestanding layer [58], thus indicating that both corrugation and
substrate are important factors in determining the reactivity properties
of the p;, borophene.

4. Conclusion

In this paper, we have investigated the structure and the electronic
properties of the f,, phase of borophene grown epitaxially on Ag(111).
We showed through fast-XPS that the growth is by islands formation.
The analysis of the high- resolution B 1s spectra acquired on the freshly-
prepared sample was complemented by DFT calculated core level shifts,
which allowed to assign a specific coordination number of the B atoms
to the components observed in the B 1s spectrum. Hence, we reveal
that the main item in determining the BE of the atoms in the g,
phase is the local atomic coordination number, while the effects of
the adsorption site appear to be less important. Similarly, DFT shows
that the average B-B bond length depends strongly on the CN of the
atoms involved, while the calculations evidence that this borophene
phase has a very limited corrugation on Ag(111). Such outcome is
also confirmed by XPD experiment, which provide an experimental
verification to the assumption that links the higher binding energy
of the core level shift with the higher coordination number of the
B atom from which the electrons are photoemitted. Interestingly, the
B 1s spectra do not change their global lineshape during the entire
growth process, an indication that in this phase on Ag(111) since the
beginning of the growth process there are atoms with CN=4, 5 and 6.
Consequently, the density and type of vacancies in the layer remains
constant thoroughly. This is in agreement with what has been reported
by Xu and co-authors, which have shown that the minimum-energy
configurations assumed by the borophene layer on Ag(111) always
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include B vacancies [27]. Moreover, the same authors highlighted how
calculations show that this borophene phase on Ag(111) needs to have
a very small corrugation to be energetically stable, a feature that
we were able to confirm experimentally by means of XPS and XPD
experiments.
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