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phosphorus film†

Alessandro Sala, *a,c Maria Caporali, b Manuel Serrano-Ruiz, b

Francesco Armillotta, c Erik Vesselli, a,c Francesca Genuzio,d

Tevfik Onur Menteş,d Andrea Locatelli, d Giovanni Comelli, a,c Cristina Africh a

and Alberto Verdini *e

After the discovery of graphene, many other 2D materials have been predicted theoretically and success-

fully prepared. In this context, single-sheet black phosphorus – phosphorene – is emerging as a viable

contender in the field of (2D) semiconductors. Phosphorene offers high carrier mobility and an aniso-

tropic structure that gives rise to a modulation of physical and chemical properties. This opens the way to

many novel and fascinating applications related to field-effect transistors and optoelectronic devices. In

previous studies, a single layer of blue phosphorene intermixed with Au atoms was grown using purified

black phosphorus as a precursor. Starting from the observation that phosphorus vapor mainly consists of

P clusters, in this work we aimed at obtaining blue phosphorus using much less expensive purified red

phosphorus as an evaporant. By means of microscopy, spectroscopy and diffraction experiments, we

show that black or red phosphorus deposition on Au(111) substrates yields the same blue phosphorus film.

Introduction

Blue phosphorus (BlueP) is a two-dimensional (2D) semicon-
ducting material postulated as a stable allotrope of elemental
phosphorus by Tomànek et al. in 2014.1 Similar to its well-
known 2D allotrope, black phosphorus (BlackP), BlueP is pre-
dicted to exhibit a band gap that depends on the number of
stacked layers and on the in-plane strain, a high transport vel-
ocity of holes, and weak interlayer interaction – a condition
required for easy exfoliation.1 For this reason, several first-prin-
ciples studies have investigated its potential in nanoelectronic
devices,2,3 energy storage,4 gas sensors5 and superconductors.6

For instance, heterostructures of BlueP with other 2D
materials, such as graphene or h-boron nitride, are highly
promising as anode materials for batteries,7,8 while its van der

Waals assemblies with (III–V) semiconductors, such as BSe,
show potential as photocatalysts for water splitting.9 Recently,
Molle et al. demonstrated that epitaxially grown BlueP can be
encapsulated in between a thin gold film and an Al2O3

capping layer that protects BlueP from ambient oxidation, thus
opening its application in the field of electronic devices rival-
ing silicene.10 These findings have fueled the search for a
viable strategy for the synthesis of BlueP. So far, the most
promising route is based on evaporating thermally decom-
posed BlackP and depositing it on selected, well-ordered
single-crystal metal surfaces, as the total energy required to
convert the atomic arrangement (armchair puckering) of
BlackP into that of BlueP (zigzag) is relatively low.1 With this
method, Chen et al. successfully grew on Au(111) a monolayer
of what was initially proposed as pure BlueP,11 and then
revised as a 2D compound of BlueP islands connected by Au
atoms, as a sort of BlueP–Au network.12 Afterwards, several
research groups focused their work on the characterization of
the band and crystal structure of such films,13–17 on the
growth process18,19 and on the adsorption behavior of environ-
mental gas molecules.20,21 In addition, the same growth strat-
egy was extended to other substrates, such as Pt(111),22 Te/Au
(111),23 GaN(001)24 and Si-intercalated on Au(111).25

One of the main remaining problems concerning this
growth procedure is its scalability, which is a fundamental
step once a large-scale application is being considered. In the
present work, we explore the possibility of growing BlueP
directly from the commercially available red allotrope (RedP),
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which would make the molecular beam epitaxy (MBE)
process free from BlackP, the synthesis of which is energy- and
time-consuming and, thus, expensive. Although it is expected
that on evaporation under the same conditions BlackP and
RedP should give the same cluster composition, and therefore
the same film structure, few studies have been performed on
the growth of BlackP and RedP under ultra-high vacuum con-
ditions, providing little information about cluster composition.
In order to rule out any difference in the film structure due to
possibly different cluster compositions, we performed a series
of measurements on the P films in an ultra-high vacuum using
identical growth conditions for both RedP and BlackP.

By means of scanning tunneling microscopy (STM), low-
energy electron microscopy (LEEM) and photoelectron emis-
sion microscopy (PEEM), we demonstrate that the deposition
of RedP on Au(111) yields exactly the same BlueP–Au network
film as the one obtained by starting from BlackP. This demon-
strates that the cluster composition is the same and shows a
fabrication route that could be extended to a wide range of
suitable substrates to grow BlueP in a much easier and more
cost affordable way.

Results and discussion

The Au(111) surface was cleaned following the standard pro-
cedure: Ar+ ion sputtering, thermal annealing at 600 °C and a
subsequent check for contaminants by means of X-ray photo-
emission spectroscopy (XPS) and low-energy electron diffrac-
tion (LEED). Commercially available pure RedP (purity
99.999% – Sigma Aldrich) and synthesized BlackP were evapor-
ated in separate sessions on the clean substrate maintained at
about 250 °C from two Knudsen cells heated at 320 °C, as pre-
viously described.11 At this temperature, RedP sublimates in
the form of P clusters, mainly P4 (see Fig. S1 in the ESI†),
similar to BlackP evaporation under comparable conditions.11

The high-resolution STM image presented in Fig. 1a shows the
as-prepared surface with atomic resolution: the RedP depo-
sition yields a surface reconstruction with a supercell (in
green) that contains six protruding atoms organized in two
mirrored triangles, separated by three atoms on each side and
four depressions at the vertices of the cell. The intensity
profile extracted along the blue dashed line (Fig. 1b) displays
the lateral size of the supercell (1.42 nm), which is compatible
with a (5 × 5) periodicity of the Au(111) substrate (5 ×
0.288 nm) and the interatomic distance of the protruding
atoms (0.32 nm). Notably, the atomically resolved image is
identical to the one found for the BlueP–Au network syn-
thesized by evaporation of BlackP under similar
conditions.11,12,14,16,26 In that case, it was found that the six
protruding atoms correspond to the upper side of the two mir-
rored triangular islands of BlueP. The expected atomic arrange-
ment of a single layer of free-standing BlueP is sketched in
Fig. 1c: viewed from the top, the unit cell is identified by two
vectors (in red). The side view reveals that the atoms are not
coplanar, but are arranged in two distinct heights. The ideal

length of the unit cell vectors, 3.3 Å, is very close to the
measured interatomic distance of the protrusions. In addition,
large-scale STM topography (Fig. S3 in the ESI†) demonstrates
that the observed atomic arrangement is uniform over the Au(111)
surface. Hence, the analysis of STM images indicates that
the deposition of RedP on Au(111) yields the same layer of the
BlueP–Au network as observed for the deposition of BlackP. In
order to prove this hypothesis, in the following, we propose a
full comparison of the structural and electronic properties of
the BlueP–Au network film on Au(111) synthesized from both
red and black phosphorus precursors. The atomic structure of
the BlueP/Au(111) surface can be probed with great precision
by spatial and dynamic analyses of diffraction patterns yielded
by backscattered low-energy electrons. Fig. 2 displays a direct
comparison of kinematic LEED patterns measured from the
BlueP layer grown from RedP (left) and BlackP (right) depo-
sition. Here, a (5 × 5) superstructure develops on the Au(111)
(1 × 1) pattern (described by the reciprocal space vectors in

Fig. 1 (a) Atomically resolved STM topographic image of the BlueP/
Au(111) surface prepared through the deposition of RedP. The (5 × 5)
unit cell of the P-induced superstructure is indicated with a green
rhombus, in which two mirrored triangular protrusions of three atoms
each are included. The red arrows indicate the relative positions of the
protruding atoms.12 The depressions at the unit cell’s vertices appear
sometimes partially filled by extra atoms.12 Scale bar 1 nm, bias −0.5 V,
tunneling current 1.0 nA. The intensity line profile extracted along the
blue dashed arrow is depicted in (b), where the unit cell length and the
distance between protruding atoms are highlighted in green and red,
respectively. (c) Top and side view of the ball and stick model of a single
BlueP layer. Solid/empty circles indicate the atoms at the top/bottom
plane, respectively. The red arrows define its two-dimensional unit cell.
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blue) upon growth of BlueP. It is evident that the phosphorus
layer obtained either from RedP or BlackP yields identical
energy-dependent LEED patterns, showing that the two films
have the same atomic geometry. Indeed, the energy-dependent
intensity modulation of the single diffraction spots presented
in Fig. S3† confirms this statement in major detail. The I(V)
characteristics of backscattered electrons is strongly dependent
on the relative position of the atoms placed in the first few
layers. Furthermore, the spot intensity also depends on the

shape of the repeating unit and on the form factor, which
includes the effects of multiple scattering, electron attenuation
and phase shifting.27

The dynamic LEED analysis is capable of determining the
position of atoms inside the unit cell within a fraction of an Å.
Therefore, the fact that the I(V) curves compared as shown in
Fig. S3† display identical peaks over an integrated range around
1820 eV, indicating that the two surfaces have the same struc-
ture. This is also confirmed by the very low value of the Pendry
R-factor = 0.079 calculated over the entire I(V) dataset.

As the two atomic structures appear to be identical, they are
expected to exhibit the same electronic structure. The electron
band dispersion of the two films can be compared by probing
the angular distribution of photoemitted electrons at a vari-
able kinetic energy. Fig. 3a shows the angle-resolved photo-
electron spectroscopy (ARPES) pattern mapped over the entire
2π angle at a corresponding electron binding energy (BE) of 1.2
eV, obtained by collecting the photoemitted electrons from a
surface spot with diameter of 2 microns with 65 eV photons.
The angular distributions of electrons emitted by BlueP/Au(111)
grown from RedP or BlackP are again identical. In order
to probe the band structure of both surfaces, we collected a
stack of ARPES maps at different electron kinetic energies and
extracted the momentum distribution curves (MDCs) along
high-symmetry directions of the first Brillouin zone with a
waterfall plot. The MDCs of the two samples, shown by
excerpts along Γ–K and Γ–M axes, are displayed in Fig. 3b and
c, and reveal identical features. Both waterfall images are in
agreement with the experimental band structure reported in
the literature.14–16 By comparing with the electron band dis-
persion of clean Au(111) measured under the same experi-
mental conditions (Fig. S4 in the ESI†), one can identify the
strong sp band of Au(111) at around 2.0 eV BE (highlighted
with green arrows) and the absence of the Au(111) surface
state around Γ at low BEs. Notably, the band structure induced
by BlueP, indicated by blue arrows, is mainly present between
1.0 and 2.0 eV BEs,14,15 where it overlaps the f-band dispersion
of Au(111) and its weak replicas produced by a (5 × 5) super-
structure. Both RedP- and BlackP-originated surfaces exhibit
an overall lack of the electron density of states for BEs lower
than 1.0 eV, as already reported and interpreted as a sign of
the semiconducting properties of BlueP.11

In addition to the comparison between different growth
pathways, we monitored the thermal stability of BlueP/Au(111)
grown from RedP by means of real-time LEEM imaging. In
Fig. 4, we report the integrated intensity of the investigated
area as a function of temperature while annealing at 0.6 K s−1.
BlueP-covered areas appear dark in comparison with the
uncovered Au(111) regions due to the different reflectivity at
the particular electron kinetic energy chosen for imaging
(16 eV). BlueP is very stable up to ∼625 K. Above this threshold,
the dark areas start to lose contrast, which can be interpreted
as the onset of film degradation at the nanometer scale, below
the lateral resolution limit in LEEM. The fade-out process
accelerates above 660 K, when all BlueP residing on large
Au(111) terraces dissolves quickly. The most resilient parts, still

Fig. 2 LEED patterns of BlueP/Au(111) grown from RedP (left, in red)
and BlackP (right, in black) deposition are compared for four different
kinetic energy values of the incident electrons. All LEED data were
acquired at room temperature in the LEEM setup under UHV conditions.
Blue vectors indicate the reciprocal unit cell vectors of Au(111). Spots at
the border of the detector are distorted due to the spherical aberrations
in the LEEM electron optics.
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present at 675 K, are those located near the substrate atomic
steps, visible in LEEM as black lines across the surface. Above
680 K, no trace of BlueP is detected anymore; Au(111) appears

clean but corrugated by the formation of atomic steps induced
by the material bustle. Comparable LEEM observations of the
thermal stability of BlueP grown from BlackP yielded identical
results.

Conclusions

In summary, we demonstrated that BlueP films can be easily
prepared by means of MBE using commercially available red
phosphorus, instead of the much more expensive BlackP allo-
trope. This finding is supported by the perfect matching of
STM topographic imaging, kinematic LEED patterns, LEED I(V)
characteristics and electronic band structures extracted
from ARPES patterns from the samples obtained with the two
preparation methods. In other words, the morphological,
structural and electronic properties of BlueP phases obtained
from RedP and BlackP are shown to be identical. Because the
red allotrope is widely available and produced on a large scale,
this finding represents a huge advantage towards a more
affordable production of BlueP-based model structures and
devices.

Experimental
Synthesis of black phosphorus

Crystals of black phosphorus were prepared according to a pre-
viously published procedure28 using commercial red phos-
phorus as the source of P, and Sn and SnI4 as mineralization
additives. All the reagents were purchased from Sigma Aldrich
and used as received.

Fig. 3 Band structure comparison. (a) ARPES maps of BlueP/Au(111) grown from RedP (top) and BlackP (bottom) precursors, respectively. Photon
energy is 65 eV and the binding energy is 1.2 eV. The high-symmetry points Γ, K and M of the Au(111) reciprocal unit cell are marked on the figure,
while the relative Γ–K and Γ–M axes are drawn with red lines. The electron intensity distribution appears asymmetrical and slightly affected by chro-
matic aberrations. The momentum distribution curves, extracted from a stack of ARPES maps measured at variable electron kinetic energies, are dis-
played for both the samples along the Γ–K (b) and Γ–M (c) axes. The Fermi energy is indicated by a white dashed line at 0 eV. The x-axis origin is
fixed at the Γ position.

Fig. 4 Integrated intensity plot extracted from the LEEM images of
Au(111) partially covered with BlueP, acquired in real time during anneal-
ing from 580 K to 690 K at a rate of 0.6 K s−1. LEEM images acquired at
selected temperatures are displayed with a scale bar of 1.0 µm (white
bar). At the selected electron kinetic energy (16 eV) the clean Au(111)
surface appears bright and the BlueP adlayer appears dark.
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Scanning tunneling microscopy

STM experiments were carried out using a commercial
Omicron Low-Temperature STM hosted at CNR-IOM Materials
Foundry, Trieste, Italy, operating at 77 K under UHV con-
ditions (base pressure < 8 × 10−11 mbar) and coupled with a
preparation chamber equipped with a sputter gun, a sample
annealing stage and a Kentax TCE-BSC evaporator loaded with
red phosphorus. STM topographic images were acquired in a
constant-current mode and post-processed with drift correc-
tion and mild Gaussian smoothing Gwyddion software.

Spectroscopic photo-emission and low energy electron microscopy

SPELEEM experiments were carried out at the
Nanospectroscopy beamline of the Elettra synchrotron radi-
ation facility, Trieste, Italy, with a soft X-ray beamline provid-
ing photons in a range of 10–1000 eV. The photon beam is
focused at the sample (minimum spot size 25 × 2.5 µm2 along
the horizontal and the vertical), onto which it impinges at an
incidence angle of 16°. The beamline end-station is equipped
with the SPELEEM (Elmitec GmbH), a hybrid electron micro-
scope which uses low energy electrons (extracted from a LaB6

emitter) or X-rays as the probe.29,30 In the SPELEEM, the
sample is the electron source (cathode). Backscattered or
photoemitted electrons are accelerated by a 15 kV potential
into the imaging column through the objective lens; the
e-beam is then magnified by a system of electrostatic and mag-
netic lenses, filtered in energy and conveyed onto a 2D detector
consisting of an MCP, a phosphorus screen and CCD (Retiga
R6). The SPELEEM can perform multiple techniques such as
real space imaging microscopy (LEEM/PEEM), micro-spot reci-
procal space imaging (µ-LEED/µ-ARPES) and micro-spot spec-
troscopy (µ-XPS). In the imaging mode, the spatial resolution
is below 10 nm. In our experiments, µ-LEED and µ-ARPES data
were collected from a circular area of diameter 500 nm and
2000 nm, respectively, selected by inserting a field limiting
aperture in the optical path of the e-beam. LEEM/LEED/ARPES
data were acquired with an energy resolution of 0.33 eV. The
LEEM images were obtained in the bright-field mode, i.e. by
using the (0,0) elastically backscattered beam. The main
chamber, working under UHV conditions (base pressure
< 7 × 10−11 mbar), was equipped with a Kentax TCE-BSC
evaporator loaded with red phosphorus and black phosphorus,
and was connected to a preparation chamber with standard
sputtering/annealing stages.
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