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The newly predicted allotropic phase of phosphorus termed blue phosphorus has been recently
synthesized in its two-dimensional (2D) single layer fashion via epitaxial growth on a Au(111) substrate.
The large scale epitaxy and the semiconductive character with a reported bandgap of ~1.1 eV suggest
that epitaxial phosphorene might be a suitable candidate to overcome the lack of a sizeable bandgap in
semimetal X-enes. In close similarity to other X-enes, like silicene, the epitaxial phosphorene shows tech-
nological issues towards possible integration into devices, such as the metallic supporting template at the
bottom and oxidation under ambient conditions on the top interface of its 2D lattice. Here, we report on
a detailed structural and chemical analysis of epitaxial phosphorene and a newly developed methodology
to allow for easy transfer of the chemically protected epitaxial phosphorene in between amorphous Al,O+z
and thin Au(111) films grown on mica. The large scale epitaxy achieved on a portable Au(111)/mica tem-
plate and the low reactivity with molecular oxygen of phosphorene pave the way for easy encapsulation
of epitaxial phosphorene fostering its exploitability in devices through a versatile transfer methodology, as

rsc.li/nanoscale in the case of epitaxial silicene.

Introduction

The booming interest in the synthesis of artificial two-dimen-
sional (2D) monoelemental lattices, so-termed X-enes, is
mainly driven by the high expectations that these materials
will accomplish great outcomes in the nanotechnology
framework.’ Besides the fascinating challenge of synthesiz-
ing artificial 2D crystals not existing in nature, nowadays
X-enes offer a great opportunity to tackle the technological
challenges facing many fields, e.g. nanoelectronics or opto-
electronics. The idea is to collect the largest portfolio of X-enes
possible to satisfy the different requests of nanotechnology
technological nodes. In this framework, mainly for periodic
table kinship with graphene, silicene was synthesized first.>”
Moreover, the recent integration of mono- and multi-layer
silicene into field effect transistors (FETs) paved the way to
exploit the X-enes beyond graphene for applications in
nanotechnology.®® The proposed methodology enabling sili-
cene integration has a general behaviour thus being potentially
versatile to X-enes other than silicene. Such a process, initially
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termed Silicene Encapsulated Delaminated on Native
Electrodes (SEDNE)® is here extended to the concept of
Universal X-ene Encapsulation, Decoupling and Operation
(UXEDO) as a key-enabling methodology for device integration
flow to the general class of X-enes.® Here, we report on two key
aspects of the UXEDO process by discussing the portability
and stability of epitaxial phosphorene grown on Au/mica sub-
strates and encapsulated with a protective capping layer.

Results and discussion

The stable allotropes of elemental phosphorus are typically
associated with colour names, i.e. white, red, violet, and black,
based on the definition of the fundamental bandgaps.'®™*
Among them, the most stable is black phosphorus, which
recently successfully retraced the graphene’s path being
exfoliated down to a single layer, termed phosphorene.'®
Although FETs and other devices based on exfoliated black
phosphorus have been successfully fabricated,'®?° such a
samples production method poses severe scalability issues
towards a reliable integration of phosphorene into devices.
In particular, the small flakes obtained by the exfoliation
method do not look viable to be used in phosphorene-based
nanotechnology.

Zhu et al. noted that the armchair ridges in the side view of
the black phosphorus can be converted into a new structure

This journal is © The Royal Society of Chemistry 2019


www.rsc.li/nanoscale
http://orcid.org/0000-0003-0060-9804
http://orcid.org/0000-0003-2647-2121
http://orcid.org/0000-0003-1811-165X
http://orcid.org/0000-0002-3860-4120
http://crossmark.crossref.org/dialog/?doi=10.1039/c9nr06037e&domain=pdf&date_stamp=2019-10-10
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9nr06037e
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR011039

Open Access Article. Published on 27 September 2019. Downloaded on 6/10/2026 7:10:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

View Article Online

Paper

80

60+

40|

Height (pm)

20

164
144
1.2
1.0:
0.8+

0.6

Height (A)

0.4

0.2+

0.0 T T i T
0 1 2 3 4 5 6

Distance (nm)

Fig. 1 Top and side views of the freestanding lattice of blue phosphorene and the schematic representation of the growth through P, molecules
directed onto the Au(111) surface where they dissociate forming epitaxial phosphorene (a). Schematic models of the unit cell of the epitaxial phos-
phorene without (left) and with (right) the additional six phosphorus atoms per unit cell, as depicted in the green box showing the side view of the
unit cell (b). STM images of the epitaxial phosphorene on Au(111) of 70 x 70 (c), 40 x 40 (d), and 8 x 15 (e) nm? and the STM profiles along the green
and blue lines. The green rhombus shows the unit cell as reported in the right panel of (b), i.e. the adatom-rich model, overlapped to the high-

resolution STM topography.

with zigzag puckering (Fig. 1a).>' Using ab initio calculations
this postulated structural phase, called blue phosphorus, can
be demonstrated to be as stable as black phosphorus, but
most importantly is predicted to exhibit a wide fundamental
gap in excess of 2 eV, hence the blue name. The optimized
puckered honeycomb structure of single layer blue phosphorus
has atoms covalently bonded at an equilibrium distance of
2.27 A, with the hexagonal unit cell showing lattice vectors a,
and a,, with a modulus of 3.33 A (Fig. 1a). Similarly to sili-
cene,” the first experimental evidence of blue phosphorus
showed up as a reconstruction of the freestanding lattice.
Zhang et al. reported on the monolayer blue phosphorus syn-
thesis via molecular beam epitaxy (MBE) onto a Au(111) single
crystal.”®> Conversely, opposed to silicene, the phosphorene
layer on Au(111) strikingly appears as a 2D semiconductor
with an energy band-gap of ~1.1 eV.**>® By combining experi-
mental and theoretical investigations, there is a consensus
that the single layer blue phosphorus 4 x 4-reconstructed
lattice matches the 5 x 5 Au(111) cell through a ~9% tensile

This journal is © The Royal Society of Chemistry 2019

strain.”>**> This phase shows a characteristic flower-like mor-
phology that looks more similar to the silicene 3 x 3 freestand-
ing reconstruction, when grown on 4 x 4 Ag(111),” than single
layer black phosphorus, that is in turn characterized by a
marked lattice anisotropy.

Hereafter, we refer to the 4 x 4-reconstructed single layer
blue phosphorus on the 5 x 5 Au(111) as epitaxial phosphor-
ene in order to avoid either cumbersome notation or misun-
derstanding with phosphorene derived from exfoliated black
phosphorus. The first step towards the possible integration of
epitaxial phosphorene relies on the use of Au(111) thin
(300 nm) film on mica substrates (see the Experimental
section) instead of expensive and hard-to-process Au(111)
single crystals. Fig. 1c and d report on the scanning tunneling
microscopy (STM) investigation of epitaxial phosphorene on
Au(111)/mica templates. STM imaging shows large scale
growth of a phosphorene film covering uniformly the sub-
strate. In the substrate temperature range 240-270 °C, the
growth process is self-limited and the key role is played by the

Nanoscale, 2019, 11, 1823218237 | 18233
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catalytic activity of the gold substrate implicating the dissocia-
tive chemisorption of the incoming P, molecules and hence
the rearrangement of the adsorbed phosphorus atoms in a
stable phosphorene layer (Fig. 1a).”” The overall quality of the
epitaxial growth turns out to be improved by annealing the as-
grown sample at the same growth temperature for 20 min.
Limited to our survey and our phosphorus deposition method
(see the Experimental section), we rule out the possibility to
grow layers beyond the first one due to the self-limited growth
mechanism, as evidenced by the constant P 2p/Au 4f core level
ratio when increasing the deposition time as well as the STM
topography showing the formation of phosphorus clusters (see
Table S1 and Fig. S1 in the ESI}). Nonetheless, an accurate
assessment of the single layer structure of phosphorene will be
discussed below. Notably, at variance with silicene, so far just
a single superstructure of epitaxial phosphorene has been
reported and a single crystalline orientation is disclosed
throughout our STM survey. If confirmed, in addition to the
predicted high-electron mobility due to large strain
(>10* em® V' s71),* this is a remarkable aspect because the
grain boundaries are suspected to plague the carrier mobility
in a similar material like silicene when operated as a transistor
channel.® The large scale STM topographies shown in Fig. 1c
and d (see also Fig. S2 in the ESIY) are in good agreement with
those reported, i.e. the overall morphology is dominated by the
characteristic flower-like pattern.>*® According to our stat-
istics, we prove epitaxial phosphorene grows uniformly
throughout the whole sample size thus providing compelling
directions for a wafer scale production of epitaxial phosphor-
ene. However, in the high-resolution images (Fig. le), we
notice that the observed morphology does not match exactly
with the proposed model reported in ref. 23-25 and recently
questioned in ref. 26. Indeed, half the rhombus unit cell illus-
trated in Fig. 1b shows six atoms on the top layer (cyan, left
panel) but the STM images conversely suggest that there are
more likely three atoms (blue, right panel). Indeed, the blue
STM line profile as shown in Fig. 1e indicates that there are
two different heights, when crossing consecutive dark holes,
thus suggesting the presence of a second layer on top of the
modelled structure, as evidenced by the green box depicted in
Fig. 1b showing a cross-sectional view of the unit cell. Indeed,
the blue STM profile taken on the top layer shows that the
additional three phosphorus atoms are placed at a distance of
0.5 A on the top. Moreover, the green STM profile illustrated in
Fig. 1e also shows that the lateral distance of the on-top phos-
phorus atoms on average is about 0.34 nm and they form a
nearly regular triangular lattice. Therefore, according to ref. 26
we propose a model where the epitaxial phosphorene is deco-
rated by three additional on-top phosphorus atoms placed in
the hollow spots of the underlying hexagonal rings (see
Fig. 1b), thus being an adatom-rich structure in between the
mono- and bi-layer. This structure was confirmed by density
functional theory calculations.*® Additional experiments are
highly demanded to validate the theoretical model. The semi-
conductive behaviour of this adatom-rich structure is also con-
firmed by I(V) measurements performed through STM with a
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bandgap of ~1 eV (see Fig. S3 in the ESIf). We cannot rule
out that other reported structures can be obtained by finely
tuning the growth parameters, but limited to our survey, the
morphology is always consistent with that of the adatom-rich
structure, that clearly spotlights a new type of vertically
buckled honeycomb lattice differing from previously stated
X-enes."

The chemical bonding of epitaxial phosphorene has been
scrutinized via X-ray photoelectron spectroscopy (XPS) by
monitoring the core levels at each process step (see the
Experimental section). The XPS spectra of Au 4f core levels
before and after phosphorene growth show a negligible shift
(<0.1 eV) indicative of the absence of alloying between gold
and phosphorus (Fig. S4 in the ESIT). Fig. 2a reports on the
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Fig. 2 XPS of the P 2p core level as grown (a), when exposed to air for
a time longer than 10 min (b), after 100 L O, dose (c), after 1000 L O (d),
after 2000 L O, (e), after 10 000 L O, (f), after exposure to dry air for
10 min (g), and after the 5 nm-thick Al,Os capping layer on the as-
grown sample (h). For the same spectrum after one-month air exposure
of the Al,Os-capped epitaxial phosphorene, see Fig. 3b. For panels (b)
and (h), only raw data are reported, otherwise black lines show raw data
fitted by red lines. In panel (g) the red line is the overall fit of the green
(phosphorus oxide) and blue (elemental epitaxial phosphorene)
components.

This journal is © The Royal Society of Chemistry 2019
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P 2p core level that can be fitted by two components placed at
128.95 (P 2p3/,) and 129.81 (P 2p,,,) eV by taking into account
the 0.86 eV spin-split. We observe that the P 2p core level is
shifted to a lower binding energy than those of black
(~130 eV) and red (~132 eV) phosphorus.”®*° Therefore the
binding energy of the P 2p core level can be assumed to be a
reliable marker for the identification of epitaxial phosphorene
on gold. One critical aspect of X-enes is that their limited
environmental stability out of the ultra-high vacuum (UHV)
environment hampers any practical use. This is also the case
for epitaxial phosphorene as it undergoes oxidation when
exposed to air (after a few hours as depicted in Fig. 2b).
Nonetheless, such an oxidation process takes place only par-
tially, with a residual component of phosphorus atoms still in
their pristine chemical bonding. Conversely, the extra com-
ponent at a higher binding energy can be ascribed to a major
oxidation state involving the formation of P,05.***° In order to
unravel the oxidation mechanism and in comparison with the
one occurring on black phosphorus, we investigated the oxi-
dation process by exposing phosphorene to in situ molecular
oxygen (0,) doses and subsequently to ex situ dry air. Fig. 2c-f
show the XPS spectra of a freshly grown epitaxial phosphorene
sample exposed to an increasing dose of molecular oxygen
from 100 to 10 000 L with a partial O, pressure of 1.3 x 107°
mbar and then exposed to dry air for 10 min (Fig. 2g). Similar
dosing is also performed with different partial pressures
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(1.3 x 1077 mbar) but with the same behaviour (see Fig. S5 in
the ESIY).

Although epitaxial phosphorene shows a remarkable resis-
tance against oxidation by molecular oxygen and dry air
exposures, probably because the upper phosphorus bonds are
chemically saturated by the additional phosphorus adatoms, its
deterioration takes place under ambient conditions, i.e. with
moisture, for a time longer than 10 min and hampers the ex
situ characterization and further exploitation (as shown in
Fig. 2b). As already proved for other X-enes, like borophene,*"
the chemical reactivity of epitaxial phosphorene is compara-
tively lower when exposed to pure O, under UHV conditions
than when exposed to air, thus being probably promoted by the
atmospheric species, e.g. H,O. Similar to silicene, a suitable
non-metallic and optically transparent (in a large part of the
electromagnetic spectrum) capping layer is Al,0;.%> Epitaxial
phosphorene is protected by the in situ co-deposition of alu-
minium and molecular oxygen (see the Experimental section).
Fig. 2h shows the P 2p core level after the Al,O; growth and
Fig. 3b shows the P 2p core level after one-month of air
exposure, with a minor component (green) related to the phos-
phorus oxide and a major one (blue) related to the elemental
bonding of epitaxial phosphorene. We find that a 5 nm-thick
Al,O; capping layer is suitable to durably protect the underlying
epitaxial phosphorene, as evidenced by a comparison between
Fig. 2b and 3b, whereas lower thicknesses, e.g. 2.5 nm (Fig. S6

Epi-Phosphorene  Al,03 capping

Attach
—_—
and flip

Tetrahydrofuran (THF) bath
for 20-30’

Mechanical
- |
Delamination

140 138 136 134 132 130 128 126
Binding Energy (eV)

Fig. 3 UXEDO process applied to epitaxial phosphorene, which includes the following key steps: epitaxial growth of phosphorene on an Au(111)
thin film, in situ Al,O3z capping, overturn of the stacking onto a device-friendly substrate, THF bath for 20—30 min, delamination of the supporting
mica, and the transfer of the resulting thin membrane (a), XPS of the P 2p core level before (b) and after (c) the THF bath showing raw data (black),
overall fit (red), and single components related to major epitaxial phosphorene (blue) and minor oxidized phosphorus (green).

This journal is © The Royal Society of Chemistry 2019
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in the ESI}), are inadequate. Hitherto, the effectiveness of the
amorphous Al,O; capping layer at durably protecting X-enes has
been demonstrated only for silicene on Ag(111)** and on
Al,0;(0001).** This additional proof on epitaxial phosphorene
encapsulation thus suggests Al,O; is a versatile and nearly uni-
versal capping layer for the X-enes.

Epitaxial phosphorene is thus sandwiched in between two
protective films, ie. the Al,O; capping layer on top and the
thin gold layer at the bottom, mechanically supported by mica.
Large scale growth and encapsulation are therefore the first
stage of the UXEDO process applied to epitaxial phosphorene.
Such a configuration can be handled by removing the mica
template in an intermediate stage of the UXEDO process.
Fig. 3a shows these intermediate steps of the UXEDO process
with particular attention to the mica removal. When taken out
of the UHV environment, the encapsulated epitaxial phosphor-
ene is accommodated onto a device-friendly SiO,/Si substrate
by facing the Al,Oz-phosphorene-Au/mica stacking downwards.
The reversed stacking is then dipped in a tetrahydrofuran
(THF) bath for 20-30 min and then rinsed with deionized
water in order to remove the pristine mica layer.

At variance with the SEDNE process, that uses mechanical
delamination with a two-tape method to separate the Al,O;-
silicene-Ag stack from the mica substrate,”® with some un-
avoidable mica residues remaining in certain areas, the use of
THF completely separates mica from the gold thin film allow-
ing for a comparatively larger scale transfer than in the case of
silver.®** This allows one to easily remove the mica layers from
the gold thin film using a cutter without any hint of residual
mica (as demonstrated by Raman spectroscopy, see Fig. S7 in
the ESIT). The wet delamination process is based on the chemi-
cal infiltration of the solvent in between the gold and mica
layers, therefore it is barely influenced by the specific details of
the mica substrate (that can vary significantly in the same sub-
strate batch, for example, in terms of thickness and the number
of mica layers). As a result, the process is characterized by a
higher degree of reliability compared to a pure mechanical dela-
mination. On the other hand, the use of a wet transfer method-
ology instead of a dry one leads to an increase of the partial oxi-
dation of the phosphorene (due to one-month of air exposure),
but the main component related to the elemental P 2p core level
(blue curve) still survives as demonstrated by the XPS compari-
son reported in Fig. 3b and c. Unlike graphene and other stable
2D materials, substrate etching based on wet transfer methods
cannot be readily extended to the X-enes because of their higher
chemical reactivity under ambient conditions.® Hitherto this is
the first case of a wet transfer method applied to an X-ene that
shows the survival of the epitaxial phosphorene. Hence, the
UXEDO process proves to be a viable methodology to protect
and transfer the epitaxial phosphorene, like silicene.

Conclusions

We demonstrate the metastable nature of newly discovered epi-
taxial phosphorene with a quasi-bilayer (termed adatom-rich)
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structure due to the saturation of upper-phosphorus bonds.
We succeeded in synthesizing semiconductive epitaxial phos-
phorene with a limited reactivity to molecular oxygen dosing
in a vacuum on a large scale thin gold film. To bypass
degradation under environmental conditions, we developed a
transfer process including top and bottom protective layers,
such as Au(111)/mica and amorphous Al,O; allowing for easy
transfer of the epitaxial phosphorene in a chemically protected
environment resulting in a thin membrane. These process
steps thus look very promising for its forthcoming integration
into a device and, most importantly, demonstrate the universal
and versatile character of the proposed UXEDO process.

Experimental
Sample preparation

Experiments were carried out in a UHV (base pressure
107" mbar) system equipped with three interconnected
chambers for sample growth via MBE, chemical analysis via
XPS, and morphological characterization via STM. Clean
~300 nm Au(111)/mica substrates were prepared by repeated
Ar" bombardment (1 kV, 1 x 107® mbar) and subsequent
annealing at 500 °C for 30 min. Phosphorus was deposited by
evaporation from a crucible containing bulk black phos-
phorus. During the deposition process, the substrate tempera-
ture was kept in between 240 and 270 °C. The temperature
readings were crosschecked by pyrometer-based calibration of
the thermocouple attached under the sample holder. An Al,0O;
capping layer is grown in situ by co-deposition of an alu-
minium beam from a k-cell and ultra-pure molecular oxygen
as reported in ref. 32. The Al,O; thickness is measured ex situ
via atomic force microscopy.

STM and XPS measurements

STM images were acquired at room temperature with a home-
made tungsten tip pre-calibrated onto a HOPG surface. STM
topographies were typically acquired at —1.3 V and 0.4 nA set-
point. XPS measurements have been carried out either in situ
with nonmonochromatized Mg and Al K, sources (1253.6 and
1486.6 eV, respectively) at a take-off angle of 37° or ex situ with
a monochromatized Al K, source at a take-off angle of 30°.

UXEDO process

The Al,0;-phosphorene-Au(111)/mica samples were attached
face down onto clean SiO,/Si substrates, i.e. the Al,O; side in
contact with the SiO, substrate. The samples were soaked in a
THF bath for 20-30 min, then rinsed with deionized water and
finally dried with a nitrogen flux. Detachment of the mica sub-
strates was obtained by inserting a blade at the edge of the
Au(111)/mica interface. In this way the complete detachment
of the mica substrate is accomplished with a complete transfer
of the Al,O3-phosphorene-Au(111) membrane. The removal of
the mica substrate was demonstrated by using a Renishaw
Invia Raman spectrometer (in backscattering configuration)

This journal is © The Royal Society of Chemistry 2019
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equipped with the 633 nm line of a He-Ne laser focused onto
the sample through a 100x objective (0.9 numerical aperture).
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