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Abstract: The synthesis of blue phosphorene by molecular beam epitaxy (MBE) has recently
come under the spotlight due to its potential applications in electronic and optoelectronic
devices. However, this synthesis remains a significant challenge. The surface reactivity
between the P atoms and the Au atoms should be considered for the P/Au(111) system. In the
MBE process, the temperature of the substrate is a key parameter for the growth of blue
phosphorene. During the initial growth stage, irregularly shaped Phosphorus clusters grow on
top of Au(111) surface at room temperature. When the substrate temperature is increased,
these clusters transform into a phosphorene-like structure with a honeycomb lattice. An atom
exchange reaction is observed between the P and first layer Au atoms under thermal
activation at higher temperature, where the P atoms replace Au atoms to form a blue

phosphorene structure within the top Au layer and at the step edges.

Keywords: phosphorene, two-dimensional materials, low temperature scanning tunneling

microscopy, DFT calculation



1. Introduction

Black phosphorus, like graphite, is one of the few layered crystals in which single atomic
layers stack together through van der Waals interactions instead of covalent bonds [1, 2]. As a
semiconductor, black phosphorus has a natural direct band gap of ~0.3 eV [3-5]; this can be
tuned by choosing the number of layers or by applying in-plane strain [6-9]. Black
phosphorene, composed of a monolayer of black phosphorus, is predicted to have direct band
gap of ~1.5 eV [10, 11], while retaining the characteristics that are to distinct to 2D materials,
specifically a high carrier mobility. These properties makes it an ideal candidate for future

electronic and optoelectronic devices with high on/off ratios [5, 12, 13].

Blue phosphorus is a stable allotrope of the layered phosphorus structure. A single layer of
blue phosphorene is a semiconductor with an indirect band gap of approximately 2 eV [14].
However, bulk blue phosphorus does not exist in nature so that the controlled synthesis of
blue phosphorene, based on the MBE method, is a necessary step for large-scale applications.
So far, few studies have been reported on the epitaxial growth of phosphorene under
ultrahigh-vacuum conditions [15-18]. In our recent study of the growth of blue phosphorene
on Au(111) surface, we found that the phosphorene sheet formed a (5 x 5) structure with a
measured band gap of at least 0.8 eV [17]. It is worth noting that in the process of preparing
bulk black phosphorus from red phosphorus, the addition of small quantities of Au, Sn and
Snl, to the black phosphorus has led to the observation of additional structural phases, for
example, the compound AuzSnP;. This indicates that chemical reactions between gold and
phosphorus are possible [19, 20]. In recent experiments on few-layered black phosphorus and
single-layer blue phosphorene, significant chemical reactivity was observed [21,22].
Therefore, the reactivity of phosphorus on the Au(111) surface should be considered during

growth. Although the growth behavior of P clusters on Au(111) substrate has been reported in
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the literature, the surface reactivity was not considered in the ab initio calculations used to
model the P/Au(111) system [23]. Furthermore, the growth process and growth mechanism of

phosphorene superstructure on Au(111) remains to be fully understood.

In this article, we shed light on the first steps of phosphorus growth on Au(111), using in situ
low temperature scanning tunneling microscopy (LT-STM), Auger electron spectroscopy
(AES) and low-energy electron diffraction (LEED) combining with density functional theory

(DFT) calculations.

We observe that P atoms form irregularly shaped P-clusters on Au(111) at room temperature
(RT), which then re-organize into phosphorene-like structure with a (5 x 5) superstructure at
higher temperature. We demonstrate that the P atoms do not merely adsorb on the surface but
exchange their positions with Au atoms at high temperature. The ejected Au atoms form
dendritic structures at the terrace edges. There are several examples of the substitution of a
surface metal atom by an adsorbing Group 14 atom; some form stable alloys [24-27], others
disappear as more atoms are adsorbed [28, 29]. While alloy formation of the heavier Group 15
atoms Sb and Bi on Ag(111) and Cu(111) has been studied [30-32], this is a new observation

of substitution behavior with phosphorus atoms.

2. Experimental Section
2.1 Materials and Characterization

We used a commercial Au(111) polished single crystal. The crystal substrate was cleaned by
several cycles of Ar*ion sputtering (650 eV at 6 x 10° mbar) and subsequent annealing at 770
K. Phosphorus atoms were deposited on the Au(11l) substrate by evaporation from a
Knudsen source loaded with black phosphorus. The Au(111) surface was kept at room

temperature during the deposition. The sample was then analyzed as grown and after a post-
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annealing at 530 K for 30 min. The experiments were performed using the standard tools for
surface characterization: a Low-energy electron diffraction (LEED) for surface structure, an
Auger electron spectrometer (AES) for chemical analysis of elements, and a low temperature
Omicron scanning tunneling microscope (LT-STM at 77 K) for atomic scale surface
characterization. The pressure in the preparation chamber is in the low 10™° mbar range. The
tip was made from tungsten wire (0.25 mm in diameter) by electrochemical etching. STS
experiments were acquired using a lock-in amplifier with a modulation voltage of 10 mV and

a frequency of 5127.7 Hz.
2.2  Computational Method

All first-principle DFT calculations were performed with VASP using version 5.4.1 [33-35],
which implements the projector augmented wave (PAW) method [36, 37]. The present
calculations were run using the GGA-PBE functional [38]. To model the Au(111) surface, a
4-layer slab was constructed, with each layer containing 12 atoms, to from a 3 x 4 lattice. The
bulk Au lattice constant at 0 K was 4.17 A [39]. To mimic the high temperature structures, the
lattice constant was multiplied by 1.005 and 1.01. Using the 0 K lattice constant of ag = 4.17
A, and a linear coefficient of thermal expansion of 14 x 10°%/K, 1.005 x a, corresponds to a

lattice constant at T = 357 K and 1.01 x ap corresponds to a lattice constant at T = 714 K.

In the direction perpendicular to the surface, each slab is separated from the neighboring ones
by a vacuum of about 22 A between slabs. Structural relaxation was performed using the
conjugate gradient (CG) method [40, 41], with the force criterion set to 0.02 eV/A. The plane
wave cutoff was set to 400 eV, and the Brillouin zone was sampled using a 6 x 4 x 1

Monkhorst-Pack grid.



3. Results and Discussion

In figure 1, the LEED patterns are presented. Figure 1(a) shows the six principle spots

corresponding to the (1 x 1) unit cell of the clean Au(111) substrate. These spots are

surrounded by satellite spots from the well-known (22 x +/3) reconstruction of Au [42]. These
satellite spots are not as sharp as the more intense Au(1 x 1) spots. After deposition of 0.5 ML
of P on the Au(111) surface at RT, the intensity of the diffraction spots of the pristine Au(111)
substrate decreases and the satellites spots of the Au reconstruction completely disappear as
shown in figure 1(b). This indicates that the surface is covered by a disordered layer structure
of phosphorus (adlayer). After post-annealing at 530 K for 30 min, a (5 x 5) superstructure

with respect to the Au(111) is obtained (see figure 1(c)).

(a) (b) ()

Figure 1. LEED patterns recorded at 57 eV. (a) bare Au substrate, (b) after deposition of
phosphorus on Au(111) at RT, (c) after post-annealing at 530 K for 30 min. The (1 x 1) spots

of Au(111) substrate are highlighted by black circles in all the images.

It is known that the sublimation of black phosphorus produces P,, P3 and P, molecules [43,
44], which adsorb on the Au(111) substrate held at room temperature. The STM images
corresponding to the initial stage of phosphorus growth on Au(111) at RT are presented in
figure 2. Figure 2(a) shows a large scale STM image of a phosphorus adlayer on Au(111), in
which large flat Au(111) terraces covered by phosphorus clusters are observed. A magnified

STM image shows a disordered phosphorus adlayer with undefined cluster geometries



occupying the terraces of the Au(111) substrate. Although the structures show no long-range
order, we were able to resolve the P-clusters on the surface. The STM image shown in figure
2(b) presents the disordered phosphorus layer showing P-clusters with different geometries,
including triangular, hexagonal and pentagonal shapes. Obviously, the non-periodic structure
of P clusters characterized by STM is consistent with the (1 x 1) LEED pattern shown in

figure 1(b).

Figure 2. STM images corresponding to phosphorus adlayer deposited on Au(111) at RT. ()
phosphorus adlayer on Au(111), revealing a rough surface morphology with high surface
coverage (150 x 150 nm? U = 1.0 V, | = 1.0 nA). (b) Atomic resolution STM image of
phosphorus adlayer on Au(111) (6.5 x 6.5 nm?, U = 930 mV, | = 1.1 nA). The P-clusters of

different geometrical shapes are highlighted by black dashed circles.

A typical STM topography, shown in figure 3(a), was recorded after post-annealing the
phosphorus layer on Au(111) at 530 K. In comparison with the growth at RT (figure 2(a)), the
evolution of the gold surface is completely different after post-annealing, especially at the
edges of the terraces where dendritic structures have formed 2D flower-shaped nanostructures,
corresponding to the triangle structure of blue phosphorene reported previously [17]. Figure
3(b) shows that the phosphorene structure not only emerges at the terrace edges but also

grows within the terraces as highlighted by the white lines.



Based on the STM observation and DFT calculation, we propose that the growth process of
the blue phosphorene-like structure on Au(111) starts with the substitution process. From the
dendritic structures formed at the terrace edges and phosphorene structure within the terraces,
we infer that the evaporated P atoms first start to replace Au atoms in the surface (substitution
process) at the corners of the herringbone reconstruction where active sites are present that
facilitate the ejection of the Au adatoms. It is known that the corners of the herringbone
reconstruction of the Au(111) surface are preferential adsorption sites. One of the
interpretations is based on exchanges at such sites [45-47]. This phenomenon has been
described recently in the synthesis of borophene on the Au(111) substrate [48]. The atoms
ejected from the surface subsequently diffuse either to the surface steps or form dendritic-
shaped islands on the terraces as shown in figure 3(a). These Au atoms interact again with the
new evaporated P atoms (substitution process) and give rise to other phosphorene islands.
Note that this phenomenon was also observed during the growth of silicene on Ag(110) and
Ag(111) surfaces [49-52]. Figure 3(c) reveals a second key result of the post-annealing. The
islands on Au(111) surface are clearly observed with a characteristic periodic honeycomb
lattice with a phosphorene-like structure. In particular, phosphorene islands can also be
clearly seen within the Au terraces. A close-up STM image is shown in figure 3(e) where the
phosphorene-like structure and the herringbone reconstruction of the bare Au(111) coexist on
the same terrace. We characterized the electronic structure of phosphorene-like structure
using STS. The dI/dV spectrum in figure 3(d), taken on the white polygon area in figure 3(c),
reveals that the phosphorene-like structure within the Au(111) terrace is indeed a
semiconductor. The most pronounced feature in the unoccupied state region is an asymmetric
peak centered at 0.1 V. Notably, in the filled state region, the spectrum displays two clear

shoulders located at —1.0 V and —1.3 V below the Fermi level. Thus, the STS investigations



give a band gap value of ~1.1 eV, in good agreement with both previous STS measurements
and ARPES experiments [16-18]. Figure 3(e) reveals the finer details of the phosphorene-like
structure within the Au(111) surface. A well-ordered array of bright phosphorus trimers grow
within the herringbone reconstruction of Au(111). Figure 3(f) shows the line profile along the
blue line of figure 3(e), indicating that the average distance between two dark centers is 1.44
nm which corresponds to five times the lattice constant of the Au(111) surface (5 x 0.288 nm

= 1.44 nm), consistent with the (5 x 5) periodicity observed in LEED pattern in figure 1(c).
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Figure 3. STM images of (5 x 5) phosphorene-like structure on Au(111). (a) Filled state STM
image of phosphorene-like structure on Au(111) after post-annealing at 530 K for 30 min
(100 x 100 nm?, U =—1.5 V, I = 0.9 nA), showing a dendritic structure at the edge of terraces.
(b) Close-up STM image of the red square area in (a) (37 x 37 nm% U =-2.0 V, [ = 0.5 nA).

(c) Unoccupied state STM image, showing the phosphorene-like structure islands on Au(111)



surface (74 x 74 nm?, U = 1.20 V, | = 0.80 nA). The phosphorene-like structure is highlighted
by white polygon. (d) The average of STS dl/dV spectrum acquired on the phosphorene
structure within the Au terrace, taken within the white polygon in (c). (e) High resolution
STM image of phosphorene-like structure within the first layer of Au(111) (18 x 18 nm? U =
—480 mV, I = 1.60 nA). Unit cell of 5 x 5 blue phosphorene, highlighted by the black
rhombus, includes two trimers of phosphorus atoms. (f) Profile taken along the blue line in

image (e).

DFT calculations were performed first at 0 K. Following the recipe by Bernard et al [51], we
calculated the difference in the formation energy between a system with a P atom adsorbed on
an fcc site and that of a P atom substituting an Au surface atom, with the substituted Au atom

occupying either an fcc site or along a step.

Where Ep"* EpN, EalN, Eo correspond to the total energy of: a Au(111) surface with a P
atom adsorbed on an fcc site (figure 4(a)), a P atom replacing a Au surface atom (figure 4(b)),
a Au atom adsorbed on an fcc site with no P atom on the surface (figure 4(c)), and the clean

Au(111) surface, respectively.

A positive energy difference would favor the substitution between a P atom and a surface Au
atom, while a negative energy difference would favor a P atom adsorbed on an fcc site. The
calculated energy difference for the present case is found to be —1.66 eV, strongly in favor of
the adsorption of P on the Au(111) surface. However, in the case of substitution, if the
adsorbed Au atom migrates to a nearby step and adsorbs along the step, this energy difference
drops to —1.25 eV. In either case, it is the adsorption of a P atom that is favored, in excellent

agreement with the experimental observations at the lower temperature of operation (RT).
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Another way to estimate this preference is to calculate the energy difference between a system

with a P atom adsorbed on an fcc site (Ep"*

) and with a P atom substituting an Au atom,
where the substituted atom adsorbs on an fcc site (figure 4(d)). Again, a negative value would
signal a preference for a P atom adsorbed on an fcc site (no substitution). This quantity is

found to be almost the same as the one in the previous calculation, i.e. —1.64 eV vs —1.66 eV.

For the calculations that follow, we adopt this definition, as only two calculations are required.

(b)
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Figure 4. Configurations considered in the calculation of the total energy: (a) Au(111) surface
with a P atom adsorbed on an fcc site, (b) a P atom replacing a Au surface atom, (c) a Au
atom adsorbed on an fcc site with no P atom on the surface, and (d) a P atom replacing a Au

surface atom with a Au atom adsorbed on a neighboring fcc site.

We have investigated in more detail the adsorption of a substituted Au atom following the
surface site occupation by the P atom. We find that when the substitution takes place, the
substituted Au atom stays close to the P atom on an hcp site (figure 5), with an energy
difference of —0.61 eV (favoring the P atom on an fcc site, no substitution). Though this is
much smaller than the —1.64 eV for the P atom on an fcc site with no substitution, it is still
favored, in excellent agreement with the experimental observation. However, this new energy
difference is small enough to raise the question as to what happens to the system at higher

temperatures where thermal expansion induces a larger lattice constant. We have performed

11



the same calculations while applying a multiplication factor to the lattice constant to mimic
the higher temperature. Using thermal expansion coefficient for gold of 14 x 10° K™,
increasing the lattice constant by a factor of 1.005 and 1.01 corresponds to 357 K and 714 K,
respectively. We found that the energy difference decreased (in absolute value) to —0.54 eV,
and —0.44 eV, for lattice constants of 4.19 A, and 4.21 A, respectively. These values show
that, as the system temperature is increased, a substitution becomes more favorable, in
agreement with the experiments performed at high temperatures. In these studies, we have
simply adjusted the lattice constants without including any vibrational contributions to the
free energy. Indeed, the vibrational energy for low coordinated atoms may become significant

in determining the total free energy [53-55].
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Figure 5. Au(111) surface with a Au atom adsorbed on an hcp site close to the P atom in a

substitutional configuration.

To further assess the possible exchange mechanisms between an adsorbed P atom with a
surface Au atom, we have considered two cases where the exchange takes place on a terrace
and at a step edge. We have calculated the energetics of the Au-P exchange mechanisms for
both cases. For the step edge, we used a 4 x 4 supercell with a two-row step where one of the

rows is kept fixed. In figure 6, we show the initial and final configurations.
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Figure 6. Au(111) surface with a P atom adsorbed on a step (grey and gold are the upper and
lower Au atoms, respectively). The left panel shows the initial configuration with the P in an

adatom position. The right panel shows the final substitutional configuration.

We calculated a sequence of 9 images where the first image corresponds to the P atom on the
top of the step (adatom site on the surface) and the last image to the P atom incorporated in
the step (surface). We used a drag method where a gold atom is pulled at a constant rate from
the initial to the final configuration, with a 1D constraint along the diffusion path. In figure 7,
we show the relative total energy for the exchange mechanisms by subtracting the total energy
of the initial configuration. We found that for a terrace exchange, the barrier is 1.08 eV, while
for a step edge we found a barrier of 0.80 eV. The difference between the two mechanisms is
only 0.28 eV, pointing to the fact that both mechanisms may indeed occur albeit at different
rates. These results correspond to a lattice constant of 4.17 A (0 K). A lattice constant of 4.21
A corresponding to an equivalent temperature of 714 K, reduces the barrier to an exchange at
the terraces down to 0.97 eV, while the barrier to exchange at a step edge remains at 0.80 eV.
The difference in activation energy has decreased to 0.17 eV. If we consider this in terms of a
probability ratio, it is only 17:1 at 714 K, in favour of the step exchange mechanism. So both

processes are likely to occur.

13



2 1 T T T T T T T 7

B &—© Terrace b

i = Step 1

1.5 —

o ]
2

5

5
=)
5

0.5 —

I I I I I ! ]

=1 2 3 4 5 6 T 38

Image #

Figure 7. Activation energy for a P-Au exchange mechanism at a step edge and on a terrace

4. Conclusions

In summary, we have investigated the first steps of the growth of a phosphorene-like structure
on the Au(111) surface at room and at elevated temperature (530 K) using LEED, AES, STM,
and DFT calculations. We demonstrate that P clusters of different geometries form on Au(111)
at room temperature. After post-annealing at 530 K, these clusters re-organize to form a
planar hexagonal phosphorene-like structure with a (5 x 5) superstructure. We find that the
evaporated P atoms react with the surface Au atoms. Under thermal activation at higher
temperature, the P atoms kick out Au atoms from their surface sites (substitution process) to
form the phosphorene-like structure within the top Au layer. This process does not occur at
room temperature where P-clusters merely adsorb on the top Au layer. The results enable us
to understand the growth behavior of blue phosphorene and demonstrate that the exchange

reaction between P atoms and Au atoms should be considered.
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