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e on Au(111): theoretical,
spectroscopic and diffraction analysis reveal the
role of single Au adatoms†
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In investigating the monoatomic layers of P, several stable two-dimensional (2D) allotropes have been

theoretically predicted. Among them, single-layer blue phosphorus (BlueP) appears to deliver promising

properties. After initial success, where the structure of BlueP triangular patches on Au(111) was conceived

on the basis of scanning tunneling microscopy (STM) and density functional theory (DFT), the surface

structure model was revisited multiple times with increasing accuracy and insight of theoretical

calculations and experimental datasets. Interestingly, the quest for a reliable atomic structure model of

BlueP on Au(111) turned out to be very contentious and challenging, particularly considering the possible

incorporation of Au atoms in the 2D sheet of P. This article proposes an extended report on theoretical

findings that can be extracted from DFT calculations of the orbital projected band structure and

employed for an efficient comparison protocol between the calculations and experimental datasets

obtained from angle-resolved photoemission spectroscopy (ARPES). The findings, together with

experimental and simulated data from STM imaging and surface X-ray diffraction (SXRD), show a clear

way to verify the presence and characterize the stabilizing effect of foreign atoms in 2D materials.
Introduction

In the broad class of two-dimensional (2D) materials, phosphorus
allotropes have drawn increasing attention owing to their attrac-
tive optoelectronic properties.1–3 For example, 2D black phos-
phorus (BlackP) can be synthesized with a top-down approach, i.e.
by exfoliation from its parent 3D material, and exhibits high
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carriermobility4–6with a band gap that can be tuned by controlling
the number of layers7,8 and the external eld.9,10 Encouraged by
these ndings, other stable 2D phosphorus allotropes have been
theoretically predicted.11,12 Among them, single-layer blue phos-
phorus (BlueP) appears to be a promising material. Its buckled,
quasi-planar atomic structure is reported to be almost as stable as
BlackP13 with similar conducting properties13 and similarly
tunable semiconducting band gap as a function of the number of
layers14 and the applied external elds.15 Because of the lack of
a parent 3D material, BlueP could be obtained only using
a bottom-up approach, i.e. through the controlled deposition of P
atoms on a suitable substrate.

The rst experimental result reported in literature is the
formation of BlueP triangular patches on Au(111) upon evapo-
ration of BlackP,16–18 arranged in a periodic rhombic unit cell
corresponding to a (5 × 5)-Au(111) supercell. The rst surface
structure model proposed, made of two mirrored triangular
islands of 16 P atoms each (P16 × 2), was conceived on the basis
of standard scanning tunneling microscopy (STM) topographic
images.15 This model was then revised multiple times, with
progressively increasing accuracy and insight, by means of
complementary density functional theory (DFT) simulations
and new, atomically resolved STM imaging. Oughaddou's
group19 proposed a more complex unit cell, where the two
islands have 19 P atoms each (P19 × 2). Meanwhile, Zhao et al.20
© 2024 The Author(s). Published by the Royal Society of Chemistry
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proposed a model with less P atoms in each island, but with the
inclusion of single Au adatoms in the 2D unit cell. This latter
model, built with 2 islands and 9 P atoms each and 9 Au atoms
in each cell (P9 × 2 + 9Au model), offered precise match with
both STM images21 and dynamic LEED-I(V)22 measurements.
Remarkably, the band structure of many proposed models
showed common features that were in agreement with angle-
resolved photoemission spectroscopy (ARPES) measurements,
supporting a prevailing P-induced band dispersion between the
Fermi level and the Au sp-band placed at ∼2 eV binding energy
(BE). In the rst case, Zhuang et al.17 claimed that the observed
bandgap of the P states matched the calculated one, despite
a very different band dispersion shape along k//. For the same
model, Golias et al.18 showed that the simulated P-related bands
consistently fall between the Fermi level and the Au sp-band,
although placed at a different BE with respect to the experi-
mental results. Also, the P9 × 2 + 9Au alloy model exhibits
a dispersive band structure at low BE, partially resembling the
experimental evidence of Zhao et al.20

In summary, the quest for a reliable atomic structure model of
BlueP on Au(111) turned out to be highly debated and challenging,
particularly on the issue of the possible incorporation of substrate
atoms in the 2D sheet. The comparison protocol between the DFT
calculations and experimental evidence (mainly STM and ARPES)
still appears to be a powerful tool available to researchers,
although there is room for improvement. In this article, we
propose an extended report on the theoretical ndings that can be
extracted from DFT calculations, and a more convincing and
efficient comparison protocol between theory and experiment that
can be used not only to validate and rene a singlemodel, but also
to discriminate between different atomicmodels. We employ STM
imaging, surface X-ray diffraction (SXRD) and ARPES to create
a comprehensive set of experimental data, and we apply an orbital
projected unfolding procedure on the DFT calculated band
structure to demonstrate the soundness of the atomic model
presented and to provide accurate comparison tools. This
proposal is fueled by the increasing need to understand the
physical factors behind the bottom-up growth of complex 2D
materials on ordered substrates. In this context, we will take into
account the most prominent atomic model presented in the
literature with Au (P9 × 2 + 9Au) and will put particular attention
on the possible presence of single Au atoms in the BlueP 2Dmesh,
to evaluate the driving force behind the incorporation of hetero-
atoms, and to ease the future careful selection of proper
substrates on which complex 2D materials such as BlueP can be
grown in the form of single, pure phases. We compare this model
with the one without the additional Au atoms (P9 × 2). Other
models with different numbers of P and Au atoms can be ruled out
by considering the geometry displayed by experimental STM
topography with atomic resolution available in literature.

Methods
Sample preparation

For each experiment, the Au(111) substrate was cleaned via
iterated cycles of Ar+ ion sputtering (1.5 keV, 150, 10 mA) at room
temperature and annealing at 600 °C in ultra-high vacuum
© 2024 The Author(s). Published by the Royal Society of Chemistry
(UHV). Then, the BlueP–Au lm was grown following the inex-
pensive recipe recently presented in ref. 23, i.e., by sublimation
of red phosphorus (RedP) held in a Knudsen cell at 320 °C and
deposition of the resulting P4 and P2 clusters on the sample kept
at 250 °C, yielding a lm identical to the one grown starting
from the expensive BlackP precursor.

Scanning tunneling microscopy. STM investigations were
carried out at 77 K in UHV conditions (base pressure < 8× 10−11

mbar) using a commercial Omicron Low-Temperature STM
hosted at the CNR-IOM, Trieste, Italy. Images were acquired in
constant-current mode and post-processed with dri correction
and mild Gaussian smoothing.

Surface X-ray diffraction. SXRD measurements were per-
formed at the SixS beamline at the SOLEIL Synchrotron radia-
tion facility, Gif-Sur-Yvette, France. The experimental UHV
chamber (base pressure < 3 × 10−10 mbar) is equipped with a z-
axis diffractometer24,25 and a two-dimensional hybrid pixel
detector (XPAD S140)26 to collect the scattered radiation inten-
sities. Crystal (integer) truncation rods (CTRs) and (fractional)
superstructure rods (SSRs) were obtained with a photon energy
of 11.8 keV and an incident angle m = 0.35°, processed by the
soware BINoculars27 and analyzed with the ROD soware
suite.28 To simulate the CTRs and SSRs, the structure factors
were computed starting from the surface models developed by
means of the DFT calculations. Thereaer, each model was
rened by a multivariate optimization by least-square tting the
experimental data to yield best quantitative agreement on both
c2 and R-factor measures. Miller indexes (H, K, L) are given in
reciprocal lattice units (r.l.u.) with respect to the (5 × 5)
superstructure.

Angle-resolved photoemission spectroscopy. ARPES k// maps
and electron momentum distribution curves (MDC) were
collected in UHV (base p < 7 × 10−11 mbar) using the spectro-
scopic photoemission and low-energy electron microscope
(SPELEEM) instrument29 that is located at the nanospectroscopy
beamline of the Elettra synchrotron radiation facility, Trieste,
Italy.30 The photon beam (hn = 65 eV) was focused on the
sample, and the area from which ARPES data is collected was
further reduced by using a eld-limiting aperture, yielding an
effective probed region of 2 mm diameter. The overall photo-
electron kinetic energy resolution was 0.33 eV.

Numerical simulations. DFT calculations were carried out
using the QUANTUM ESPRESSO (QE) package31 empowered
with the Perdew–Burke–Ernzerhof (PBE) functional32 within the
generalized gradient approximation (GGA) to incorporate the
exchange-correlation terms. In this case, the use of van der
Waals corrections is essential: the Grimme-D3 scheme33 was
preferred to Grimme-D2, as the latter leads to a ctitious Au
surface reconstruction upon structural optimization. The
Au(111) surface was modeled with a 4-layer slab in a (5 × 5) in-
plane unit cell (optimized lattice parameter 4.14 Å, slightly
larger than the experimental value of 4.08 Å; slab spacing 12 Å)
under periodic boundary conditions. 2 × 2 × 1 and 4 × 4 × 2 k-
meshes were used to sample the rst Brillouin zone for the self-
consistent cycle and non-self-consistent cycle, respectively. The
energy cutoffs for the plane wave expansion of the wave-
functions and the charge density were 40 and 300 Ry,
Nanoscale Adv., 2024, 6, 3582–3589 | 3583
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respectively. Methfessel–Paxton smearing of the orbital occu-
pation (energy broadening 0.01 Ry) improved the convergence
of the self-consistent cycle.34 The convergence thresholds were
set to 10−6 Ry per atom for the total energy in self-consistent
calculations, and to 10−3 Ry a0

−1 for each component of all
forces on the atoms in the structural optimization cycles. The
error on the calculated equilibrium lattice parameter was 0.01
a0. STM images were simulated employing the Tersoff–Hamann
scheme.35

A meaningful comparison of the ARPES maps and spectra
with the calculated band structure requires a non-trivial
orbital projected unfolding procedure recently implemented
and interfaced with QE,36 as the use of the (5 × 5) supercell
reduces the First Brillouin Zone (FBZ) size with respect to the
Au(111) primitive cell. Such procedure was applied along the
G–K and G–M paths with a sampling of 200 different k points
each. Its correctness was tested by simulating the clean
Au(111) surface for both (5 × 5) and (1 × 1) cells and for slabs
of different thickness (see Fig. S1 in ESI†). Remarkably, this
analysis also shows that the Shockley surface state emerges
only for simulations with thicker slabs. ARPES k// maps were
also obtained with the same package using a 2D equally
spaced grid of 900 k-points.
Results

Our results discriminate between two structural models with
different incorporations of substrate atoms, i.e., the one made
of 18 P atoms and 9 Au atoms (P9 × 2 + 9Au) most recently
proposed by Zhao et al.20 and one with the same pyramidal-
shape twin islands of BlueP with 9 P atoms each, but without
the Au bridging atoms (P9 × 2). Both models are displayed in
top and side views in Fig. 1.

We calculate the adsorption energy per P atom as follows:

Ead = (Etot − Esubs − NPEP)/NP

where Etot is the total energy of the whole structure in the
simulation cell, Esubs is the energy of the Au substrate in the
same simulation cell (with or without the additional 9 Au
Fig. 1 Top and side view of the ball rendering models of four (5 × 5)
unit cells of BlueP–Au/Au(111). The Au(111) slab is displayed in grey, Au
adatoms in red, and P atoms constituting the BlueP triangular islands in
dark (lower) and light (higher) yellow. Only 3 Au slab layers are shown
here for the best clarity, but the simulations have been performed with
4 slab layers.

3584 | Nanoscale Adv., 2024, 6, 3582–3589
adatoms, depending on the model), EP is the energy of the
isolated P atom, and NP is the number of P atoms included in
the whole structure in the simulation cell.

This denition allows us to compare the stability of the P
islands in the different structures, indicating that the P9× 2 + 9Au
model (Ead=−1.04 eV per P atom) is favored by about 20% over P9
× 2 (Ead = −0.81 eV per P atom) due to the presence of Au edge
atoms that stabilize the BlueP akes. Moreover, the structural
parameters (Table 1) show that in the case of the P9 × 2 + 9Au,
both the buckling amplitude and the average distance between the
coplanar P atoms are closer to the structural parameters of free-
standing BlueP with respect to the P9 × 2 phase.
STM

Fig. 2 contains a direct comparison between the experimental,
atomically resolved STM topography and images simulated for
both models. The surface consists of a rhombic unit cell con-
taining two triangular, mirrored protrusions of three atoms
each, separated by an intermediate atomic level. At the unit cell
corners, hexagonal-shaped depressions appear with precise
orientation, occasionally lled with additional P clusters.20

Simulated images show similarities, such as the triangular,
mirrored protrusions and hexagonal depression, but also some
ne differences. Both intermediate levels in between the
mirrored protrusions appear constituted by a triple intensity
modulation aligned along the mirror axis, whose shape differs
slightly between the two models considered. Moreover, the
orientation of the hexagonal (black) depression differs between
the models by 30°, correctly aligned with the experimental
counterpart for the P9 × 2 + 9Au. Thus, this model with 9 extra
Au atoms seems to be in better agreement with the experimental
STM data.

Nonetheless, it must be pointed out that some features can
be distinguishable only in the experimental data obtained at
low bias and high tunneling current with a perfect, rounded
scanning tip. In fact, by looking carefully, one can notice that
even our experimental STM image was produced by a very
sharp, but slightly asymmetric tip. Such artifacts are very
common and could easily bring the experiment-theory
comparison to wrong conclusions when based on ne details,
as it was the case for the atomic models initially proposed in the
literature. In conclusion, the comparison between theory and
experiment cannot be conclusive solely based on the STM data,
even in the case of high quality, atomically resolved images,
Table 1 Geometric distances of the two investigated models and, for
comparison, freestanding BlueP. DzP–P refers to the distance along the
z-axis between the two P layers. DrP is the coplanar distance between
the nearest-neighbor P atoms in the higher (top) and lower (bottom) P
layers

DzP–P (Å) DrPtop (Å) DrPbottom (Å)

P9 × 2 1.15 3.47 3.39
P9 × 2 + 9Au 1.18 3.33 3.22
BlueP free 1.26 3.29

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Experimental STM image of the BlueP–Au/Au(111) surface.
The rhombic unit cell, depicted in blue, consists of two triangular
protrusions and an intermediate level delimited by four hexagonal-
shaped depressions at the cell corners. Bias −0.3 V, tunneling current
1.0 nA, white scale bar 1 nm. (b and c) Show the simulated appearance
of the two models under STM inspection at the same lateral scale.
Simulated bias −0.4 V, isosurface placed 3.0 Å above the highest P
layer.
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although such comparison can give relatively strong qualitative
indications about the correct model.
Surface X-ray diffraction

Independent information on this issue can be obtained from
a t of SXRD data acquired using a coherent, monochromatic X-
ray beam diffracted at grazing angle by the BlueP–Au/Au(111)
sample. An example of the diffraction pattern obtained can be
found in Fig. S2 in ESI.† The experimental basis set consists of
1090 datapoints from 4 CTRs and 15 SSRs, i.e., all the symmetry-
inequivalent crystal and superstructure rods included between
zero- and rst-order diffraction spots of the Au(111) substrate,
covering an overall range of about 57 r.l.u. Fig. 3 shows the
Fig. 3 Measured CTRs (integer values ofH and K) and SSRs (fractional val
for P9 × 2 + 9Au and P9 × 2 optimized structural models.

© 2024 The Author(s). Published by the Royal Society of Chemistry
experimental intensity modulation of the rods as a function of
the diffraction index L, superimposed to the optimized simu-
lations for both P9 × 2 + 9Au and P9 × 2 structural models. Best
ts are obtained by further relaxing the atomic positions in the
unit cell with respect to the DFT-calculated structure, adopted
as a starting point, and by allowing the distance between the
superstructure atomic planes to vary with respect to the bulk
termination (due to the limited thickness of the simulation
slab, the interplanar distances are not accurately described – see
Fig. S3 in ESI†). It should be noted that since the X-ray scat-
tering cross-section for P atoms is much smaller than the one of
Au, the iterative t algorithm is not capable of discriminating
effectively on the z-position of the P atoms, as their displace-
ment does not contribute signicantly to the simulated curves.
Nevertheless, the enhanced signal from the Au atoms provides
an advantage in trying to distinguish between the two model
structures, which mainly differ by the restructuring of the
substrate Au atoms. The atomic coordinates of the optimized
model structures yielding the best agreement with the experi-
mental diffraction data are listed in Table S1 in ESI.† The overall
quantitative agreement between simulation and experiment for
the SXRD data set is evaluated by both c2 and R-factor37 for best
solidity: the P9 × 2 + 9Au and P9 × 2 structure models yield R-
factors (normalized chi-square values) of 0.146 (59) and 0.249
(224), respectively. This result provides solid evidence in favor of
the P9 × 2 + 9Au model.
ARPES

The SPELEEM microscope collects ARPES data as a stack of
angle-resolved maps of the photoemitted electrons obtained by
ues ofH or K) of BlueP–Au/Au(111), and the calculated structure factors

Nanoscale Adv., 2024, 6, 3582–3589 | 3585
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changing the probed electron kinetic energy (thus, the binding
energy, BE) for a selected impinging photon energy. The
measurement then delivers a 3D volume of data displayed along
three axes, i.e., kx, ky (i.e., the electron momentum components
parallel to the surface) and BE. By slicing along specic planes,
one can obtain the electronic dispersion in reciprocal space (kx,
ky) at a selected BE or the band structure along highly
symmetrical crystallographic directions (k, BE). Both quantities
can be simulated and displayed properly for a qualitative
comparison between theory and experiment. The calculated
band structure is extracted by integrating over the entire
simulation cell, i.e., by summing the contributions of all the
atoms in the slab calculation. Conversely, the photoelectrons
that generate the ARPES spectra are emitted from just the
topmost atomic layers because of the nite inelastic mean free
path of the electrons. Therefore, a more reliable theory–exper-
iment comparison can be obtained by rstly adding the
contribution of the atoms lying on a single plane, and then
performing an overall layer-by-layer weighted sum. Moreover,
Fig. 4 Experimental and theoretical band structures along K–G–K andM
The color scales are black-yellow-white for the experimental data and b
results have been unfolded from (5 × 5) FBZ to (1 × 1) FBZ and are display
after projection on separate parts (Au 1st layer, P surface atoms and—in
a dashed white line. Experimental data taken with a photon energy of 6

3586 | Nanoscale Adv., 2024, 6, 3582–3589
the calculated band structure needs to be unfolded properly, as
described in the Methods section.

Fig. 4 displays the experimentally measured momentum
distribution curves extracted along the high-symmetry direc-
tions in the reciprocal space (K–G–K and M–G–M), along with
the calculated band structure of the two structural models
considered. In particular, we show (from le to right) columns
with simulated data extracted from the entire simulation cell
(surface + bulk, second column), and then from the most
signicant homogeneous groups of atoms, i.e., the Au rst layer
(third column), the P adatoms (fourth column) and, for the rst
model only, the Au adatoms (right-most column). The experi-
mental curves show a contribution ascribable to the BlueP–Au
overlayer between 1 and 2 eV BE,23 while the Au(111) substrate
displays sp-bands across the Fermi energy and a strong d-band
structure contribution below 2 eV BE. This BlueP–Au contribu-
tion in the occupied electronic states is also visible in the
scanning tunneling spectroscopy dI/dV characteristics,16 but
does not produce any relevant change of contrast in STM
topography. Conversely, the calculated band structures
–G–M for the P9 × 2 + 9Au model (a and b) and P9 × 2 model (c and d).
lack-purple-red-yellow for the theoretical representation. Theoretical
ed after integration over the entire simulation cell (surface + bulk) and
the first case—Au surface atoms). The Fermi level is highlighted with

5 eV.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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obtained by averaging over the entire slab are dominated by the
sp-bands of Au(111) between the Fermi energy and 2 eV.
However, when disentangling the contribution of each atomic
layer and displaying quantitatively the electronic density of
states, one can clearly see the effect of BlueP–Au on the band
structure. While the band structure of the top Au(111) layer is
very similar to the bulk one, the P atoms yield a strong density of
states at low BE. The P band structure differs greatly between
the two models considered: the P9 × 2 + 9Au model closely
reproduces the experimental evidence, with a contribution to
the density of states located between 1 and 2 eV BE and the
proper position in the FBZ on both G–K and G–M proles.
Moreover, the 9 Au adatoms deploy an intense density of states
around 4 eV BE. Conversely, the P9 × 2 model predicts an
intense density of states across the Fermi level in the band
structure, a feature that is not observed experimentally.

Similar indications are obtained by comparing the ARPES
maps at selected BEs with the corresponding calculated
momentum distribution of electrons in the (kx, ky) planes. Fig. 5
summarizes our experimental ndings (on the le) and the
results of the DFT calculations (on the right) for the two
different models, right at the Fermi level (BE = 0) and at 1 eV,
respectively. Experimental ARPES maps of the clean Au(111)
termination and of BlueP–Au are presented to highlight the
differences induced by the overlayer. At the Fermi energy, BlueP
fades out the Au(111) surface state close to G. Furthermore, the
triangle-shaped bands around K appear to be shrunk in size,
and there is a higher density of states atM. At 1 eV BE, the band
structure of BlueP–Au assumes the shape of two rings with radii
of 0.80 Å−1 and of 0.11 Å−1 centered in proximity of the G–M
direction and close to the G point, respectively. These and other
main features are well reproduced by the P9 × 2 + 9Au model:
the triangle-shaped bands around K, originating from the rst
Au(111) atomic layer, and the P9 × 2 + 9Au surface layer
contribution, both display strong DOS also at M, while the
distributed band structure calculated for the P9 × 2 model
shows low DOS at M. Moreover, this second model yields
Fig. 5 Experimental and theoretical distribution of the photoemitted elec
and (b) at 1 eV BE. The FBZ hexagonal border (yellow) and the position
imental data taken with photon energy 65 eV. DFT calculations include t
atoms for both P9 × 2 + 9Au (light blue) and P9 × 2 (green) models. All

© 2024 The Author(s). Published by the Royal Society of Chemistry
a strong density of states around G at the Fermi energy, a feature
not present in the experimental data. At 1 eV BE, the P9 × 2 +
9Au model resembles the two-ring structure around G. Mean-
while, for the P9 × 2 model, just one ring of intermediate radius
(0.65 Å−1) and a localized DOS exactly at G are observed. The
simulated ARPES maps of the clean Au(111) surface at both BEs
are also reported in order to highlight the differences with the
ones produced by the overlayers.

Discussion

The presented results support the P9 × 2 + 9Au model as the
best candidate to describe the BlueP–Au layer on Au(111).
We nd that only partial and qualitative discriminatory
evidence between the two models under discussion can be
obtained by comparing the STM experiments and simula-
tions, since the presence of Au atoms can be inferred only
indirectly on the basis of very ne morphological/DOS
details in the topographic images. Such elements might
easily lead to erroneous conclusions, as experimental STM
images can be affected by poorly controllable tip-induced
artifacts. More convincing and quantitative arguments are
instead given by the intensity modulations of X-ray diffrac-
tion rods, which show that only the atomic model contain-
ing Au surface adatoms reproduces the experimental data.
The 40% lower R-factor for the latter model (0.146 vs. 0.249)
is statistically signicant, and constitutes a much more
conclusive statement than the STM comparison. We
emphasize that this reduction is obtained by introducing
atoms with high cross section (Au), so that their effect on the
modulation of the diffraction rods overtakes the possible
reduction induced by having more degrees of freedom in the
calculation of the R-factor and normalized-chi-square. We
also show that proper treatment and post-analysis of the
DFT results on the electronic structure can express precise
accounts on the correctness of the considered atomic
models. We show that the band structure plots across both
(kx, ky) and (k, BE) planes derived by integration on the entire
trons in (kx, ky) (a) at the Fermi energy (i.e. Fermi surface mapping, 0 BE)
of high-symmetry M (red) and K (green) points are highlighted. Exper-
he mapping of clean Au(111), and the contribution of P and Au surface
pictures have the same lateral scale.
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unit cell are only partially comparable with the ARPES
experimental data. Instead, the unfolding of separate
contributions extracted from the co-planar surface atoms
provides a more directly comparable set, and highlights the
differences between the simulated atomic models. In our
case, the enhanced sensitivity is essential to dene the
embedding of Au atoms in the BlueP lm on Au(111). For
this evaluation protocol, it is crucial to extract the band
structure from single atomic planes, and to quantitatively
display the density of states as a function of BE and k.
Moreover, the density of states distribution on (kx, ky) pro-
jected on selected atoms can also give rise to different
features that can be compared with experimental ARPES
maps. Although this DFT-ARPES testing does not possess
the same accuracy of SXRD, we believe that the proper
comparison of experimental and simulated band structure
achieves better precision in the diagnostic of foreign atoms
in the 2D mesh with respect to STM topography, even with
atomic resolution.

Conclusions

In conclusion, we show that a comprehensive approach based
on a comparison of experiment and theory is on the right track
to extrapolate complex atomic models of new 2D materials
grown on selected substrates. While this is not a novel point, we
instead pinpoint that for this quest, it is crucial to exploit tools
capable of diagnosing the possible presence of host hetero-
atoms in the 2D mesh. The matching between theory and
experiment requires a solid foundation to validate the starting
assumptions, and we believe that adequate elements of veri-
cation can be found, e.g., with angle-resolved diffraction and
spectroscopy techniques discussed here, as well as other tech-
niques, such as helium ion scattering. This result can be set in
a more general context of smart design and realization of new
2D materials with attractive physical and chemical properties.
Numerical simulations are fundamental to discovering which
substrate is more promising for the defect-free bottom-up
growth of 2D materials, such as BlueP. Parameters such as the
adhesion energy per atom and the interatomic distance could
be used as benchmarks to sense the substrate interaction, and
establish if a complex atomic arrangement is favored over the
ideal case. Regarding this aspect, temperature-dependent
preparation schemes and the use of other techniques sensi-
tive to the activation process of surface alloying would provide
further insight. In general, the implementation of reliable and
sensitive comparison protocols between experimental evidence
and theoretical predictions can constitute the backbone for the
engineering of next-generation materials.

Author contributions

Simone del Puppo: data curation, formal analysis, investi-
gation, methodology, soware, writing – review & editing.
Pietro Biasin: data curation, formal analysis, investigation,
soware, writing – review & editing. Alessandro Sala:
conceptualization, data curation, formal analysis, funding
3588 | Nanoscale Adv., 2024, 6, 3582–3589
acquisition, investigation, methodology, supervision, vali-
dation, visualization, writing – original dra. Paola Man-
tegazza: formal analysis, investigation, soware, writing –

review & editing. Ivan Pasqua: formal analysis, investiga-
tion, soware, writing – review & editing. Elena Ghidorsi:
formal analysis, investigation, writing – review & editing.
Maria Caporali: funding acquisition, investigation, writing –
review & editing. Andrea Resta: formal analysis, investiga-
tion, methodology, writing – review & editing. Alessandro
Coati: investigation, methodology, writing – review & edit-
ing. Francesca Genuzio: investigation, methodology, writing
– review & editing. T. Onur Menteş: investigation, method-
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