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The unique optoelectronic properties of black phosphorus (BP) have triggered great interest in its applications in
areas not fulfilled by other layered materials (LMs). However, its poor stability (fast degradation, i.e. «<1h for
monolayers) under ambient conditions restricts its practical application. We demonstrate here, by an
experimental-theoretical approach, that the incorporation of nitrogen molecules (N2) into the BP structure results
in a relevant improvement of its stability in air, up to 8 days without optical degradation signs. Our strategy
involves the generation of defects (phosphorus vacancies) by electron-beam irradiation, followed by their healing
with Ny molecules. As an additional route, N plasma treatment is presented as an alternative for large area
application. Our first principles calculations elucidate the mechanisms involved in the nitrogen incorporation as
well as on the stabilization of the modified BP, which corroborates with our experimental observations. This
stabilization approach can be applied in the processing of BP, allowing for its use in environmentally stable van

der Waals heterostructures with other LMs as well as in optoelectronic and wearable devices.

Ultra-thin black phosphorus (BP) flakes have been extensively
studied owing to their unique optoelectronic properties [1-4], high-
lighting the strong light-matter interaction in a broad frequency range
(from mid-infrared to visible) [5], which allows important applications
in the areas of optical sensing and detection [6-8], as well as in optical
communications [9]. The tunable direct bandgap, from 0.3 eV for bulk
to up to 1.7 eV for monolayers [10-12], the high charge carrier mobility
(up to ~ 10* ecm?v-1s7! for monolayers) [13], and the high Ion/Iog
current ratio in field effect transistors (up to ~1 x 107)[14] provide BP
with relevant advantage over other layered materials (LMs) like gra-
phene (zero bandgap material) and transition-metal dichalcogenides
(TMDs - which show lower carrier mobilities, up to ~ 10% em?v1s7,
when compared to BP devices) [15,16]. Despite the exciting possibilities
already identified for optoelectronic devices, a major challenge that still
needs to be overcome is the high instability of BP, that rapidly degrades
under ambient conditions (i.e. <1h for monolayers) [17-22]. It is
known that the reaction with oxygen initially leads to the formation of P-
O bonds, resulting in P,O, oxide species, which further react with water
molecules, culminating with the formation of phosphoric acid on the BP
surface and the complete disintegration of the material [23-27].

* Corresponding author.

Physical and chemical approaches have been used both to improve
the BP stability in air and modulate its properties [28,29]. The coating
with Al;O3 by atomic layer deposition [22,30,31] or other LMs, such as
hexagonal boron nitride (hBN) and graphene [32-35], are examples of
physical passivation. The chemical functionalization is also an efficient
way to protect BP and to manipulate its chemical and electronic prop-
erties [21,36,37]. The modification of the BP surface with aryl diazo-
nium molecules, for example, was ascribed to suppress its degradation
but induced a simultaneous p-type doping effect [38]. Non-covalent
modification of BP with anthraquinone molecules minimized its degra-
dation and added new features such as redox functionality and addi-
tional charge storage capacity [39]. Ionic liquids have also been used to
quench reactive oxygen species and stabilize BP [40], while the fluori-
nation has shown to improve its long term air-stability by repelling the
O, due to the highly electronegative fluorine adatom, with changes in
the optical, chemical, and structural properties of BP [41]. In situ surface
functionalization of BP with the alkali metal potassium (K), an excellent
electron donor, enhance its electron transport and modify its bandgap,
allowing a wide tunability of its optoelectronic properties [42,43].
However, due to the high reactivity of K in air, the functionalization did
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not improve the BP stability [42,43]. Transition metal-phosphorus
complexes can also reduce the BP oxidation by the coordination of the
lone pair of electrons with the empty orbitals of the metal atoms.[44]
Although much progress has been achieved, some key problems still
need to be addressed. In the encapsulation method, for example, the
inevitable trap of defects, impurities, water and oxygen can compromise
the BP performance, and the covalent functionalization can reduce its
carrier mobility.[35,36] Besides that, it is important to highlight that
both methods do not allow the development of heterostructures based
on the BP nanosheets [45,46].

A less explored approach is the substitutional doping into the crystal
lattice of BP. A theoretical study has compared the stability of phos-
phorus allotropes (black and blue phosphorus) after substitutional
doping with different elements [47]. They revealed that N, O, F, Si, and S
could improve BP stability, and highlighted nitrogen as the best dopant
among them. Nevertheless, and as far as we know, this effect has not
been experimentally demonstrated. So far, Valappil and co-workers [48]
have tried to modify electrochemically obtained BP quantum dots with
nitrogen-containing molecules; however, the experiments were per-
formed by a wet-process in a nitrogen-rich electrolytes (tetraethy-
lammonium tetrafluoro-borate) and organic solvents, and the results do
not show considerable BP stability improvement. Therefore, the
demonstration of nitrogen incorporation in BP crystals in a fully
controllable and dry way and demonstrating long BP stability is still
lacking. It is worth noting that recently Ji and co-workers [49] have
studied the synthesis of metastable black phosphorus-structured nitro-
gen under extreme conditions of pressure and temperature (146 GPa and
2200 K), and observed that molecular nitrogen was transformed into
extended single-bonded structure with strong anisotropy.

Herein, by an experimental-theoretical approach, we demonstrate
how the feasible incorporation of nitrogen on the BP structure (N-BP)
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can improve its stability in ambient conditions. We show that treated N-
BP samples are stable for at least 8 days in air while non-treated samples
show severe degradation features before the first day. The proposed
strategy is based on a controlled electron beam (e-beam) irradiation of
the BP surface, followed by the healing of the as-created vacancies with
N2 molecules. This approach provides high spatial resolution and den-
sity control of the nitrogen doping level. We also demonstrate a simpler
way to improve BP stability by using N» plasma, which is a good
candidate for large area treatments. The possible mechanisms involved
both in the nitrogen healing and in the stabilization of the modified N-BP
are investigated by first principles calculations based on density func-
tional theory (DFT), and the computational results are consistent with
our experimental findings.

A schematic representation of the procedure used to modify the BP
flakes is shown in Fig. 1(a-c). The samples are prepared by mechanical
exfoliating bulk BP on a 300 nm SiOy/Si substrate. Then, they are
exposed to the e-beam in a scanning electron microscope (SEM), Fig. 1
(a). In our experiments, we have changed the e-beam energy as well as
the exposure time, i.e. the time over which the e-beam impinges on the
selected sample (see Methods for details). After exposing the selected
flake region with the pre-defined energy and time, the sample is trans-
ferred to the pre-chamber of the SEM (in vacuum) and then ventilated
with anhydrous Ny before its removal from the SEM. The e-beam is
expected to create defects [50] in BP structure, Fig. 1(b), which can be
subsequently healed with N, molecules during the ventilation step,
Fig. 1(c).

Fig. 1(d) shows the SEM image of a region with several exfoliated BP
flakes on the SiO4 substrate, which was briefly exposed to the e-beam (1
kV and magnification of 750x) only for the image acquisition (<30 s).
The highlighted region (marked area in Fig. 1(d)) corresponds to a BP
flake, Fig. 1(e), exposed to the e-beam (1 kV) for a selected period of 5
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Fig. 1. Atom level representation and BP flake monitoring after e-beam exposure and N healing. (a-b) Schematic representation of the generation of defects in BP
after exposure to the e-beam, followed by the (c) healing with nitrogen. (d—e) SEM images of the BP flakes (marked area) exposed to the e-beam. In both cases we use
1 kV: in (d), the flakes are exposed for < 30 s at 750x, while in (e) the magnification is 7500x and the selected flake is exposed for 5 min. (f) AFM image of the same
flake after the e-beam exposure and N, healing. The inset shows the height profile. (g) Raman spectra of the exposed N-BP flake obtained at the indicated points (red
and blue crosses in the AFM image) with different thicknesses after 24 h under environmental conditions. A spectrum for a non-exposed flake with similar thickness is
also presented for comparison (black curve). (h-k) Optical microscope images after the exposure of the sample to ambient conditions for different periods of time.
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min at a higher magnification (7500x), after the image acquisition (<30
s). After the removal from the SEM, the sample is then exposed to
ambient conditions (19 + 1 °C and humidity of 60 + 5%), analyzed by
atomic force microscopy (AFM) and monitored by optical microscopy
and Raman spectroscopy (See Methods Section for details). The thick-
ness of the exposed flake is determined by AFM immediately after the
exposure to the e-beam, Fig. 1(f). The line profile (inset) indicates two
different thickness regions (~17 and 31 nm). We then characterize our
irradiated BP samples by Raman spectroscopy [26,51-55] (See Methods
Section for details) to further confirm the structural integrity of our
material before and after the N3 healing. Raman spectra of the N-BP
flake are acquired at the select points on the sample indicated in the
AFM image (Fig. 1(f)) after 24 h under environmental conditions
following the e-beam exposure. As can be observed in Fig. 1(g) and
Table S1, the vibrational modes of the modified N-BP present high
similarity with those of the pristine BP flake, which is a reference flake
that was neither exposed to the e-beam nor to ambient conditions, with
the typical Aé, Ag, and By, modes, indicating no significant structural
modification after the e-beam exposure [51,52]. The use of higher e-
beam energy (15 kV), as proposed by Goyal and co-workers [50], has
shown to induce structural modification to the BP Raman modes.
Therefore, we have kept the energy at lower levels in which we do not
detect changes in the BP Raman modes induced by the e-beam irradia-
tion (Figure S1).

The sample stability over time was then evaluated by optical mi-
croscopy, Fig. 1(h-k). The formation of bubbles, typically observed in
degraded ultrathin BP due to oxygen and humidity [17-23], is not
observed for the healed flake even after 192 h (8 days), unlike other non-
treated regions of the sample which clearly show the appearance of
bubbles after 96 h. It has been demonstrated that for pristine BP flakes
the degradation begins just after the exfoliation [17-22], and after 96 h
the flakes with thickness of ~ 27 nm already present a high density of
bubbles on the surface [56]. After 196 h, these bubbles are much larger
by coalescence and normally deteriorates the BP etching away the
thinner parts of the flakes. Nonetheless, it is worth noting that, ac-
cording to our observation, the flakes that were exposed to the e-beam
for a short period (imaging only, < 30 s) also undergo a slower degra-
dation than the flakes that were not exposed to the e-beam at all. Under
the same ambient conditions, non-treated BP flakes have the surface
highly covered by bubbles in<24 h (Figure S2).

Raman spectroscopy has been extensively used to study defects and
degradation of LMs such as graphene, hBN, and TMDs [51,53,57-59]. So
far, however, no universal Raman signatures have been assigned to BP
degradation. For instance, in previous works lower intensities in the
Raman shift spectra, lower Aé /Ag intensity ratios, and the emergence of

broad features between the AZ and By,vibrational modes have all been
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identified as signatures of the oxidation and degradation, as well as a
shift in the peak position [23,26,27,29,34,50,60,61]. However, in our
analysis (data not shown), we do not see a clear Raman signature for
degradation in our samples, suggesting that Raman spectroscopy may
not be the best tool to characterize the BP degradation. Therefore, we
evaluate the environmental stability by AFM, as previous works have
shown that the oxidation increases the BP surface roughness [31,50] and
crystal volume [18]. For this experiment, the sample is exposed for 10
min at 5 kV with 10000x (selected area in Fig. 2(a), while the overall
SEM image is exposed for < 30 s). Before acquiring the AFM image,
Fig. 2(b), the sample is exposed to environmental conditions for 72 h.
Fig. 2(c) shows an AFM height profile obtained as indicated in Fig. 2(b).
The AFM image clearly shows the enhanced stability of the region that
has been selectively exposed to the e-beam (marked area in Fig. 2(a)).
The root mean square (RMS) roughness changes from about 2.26 to 1.18
nm (areas indicated in Figure S3b) as we go from a non-treated (i) to
exposed (ii) regions. In the area where the degradation of BP is more
accentuated (region “i”), in addition to higher bubble density, the height
profile, Fig. 2(c), indicates the formation of a rougher surface, as well as
an increase to the profile of the height. This observation (increase in
volume) is in agreement with previous AFM findings, and was attributed
to water absorption on BP over time [18]. The stability over time of the
same flake stored under ambient conditions is shown in Figure S3(a).
Note that the enhanced stability of a BP flake after e-beam exposure has
also been reported experimentally by Goyal and co-workers [50].
However, it is worth mentioning that in that work the authors have
assigned such stability to strong structural changes of the BP induced by
a high e-beam energy (15 kV) and to a reduction in the formation of POy
after e-beam irradiation. Nevertheless, they do not show any theoretical
prediction to support their claims and do not investigate or consider the
influence of external molecules which may bind to the BP structure [47].
In our study, we have tested different e-beam acceleration voltages and
exposure times on BP flakes of different thicknesses. Although our
analysis suggests that the N, healing occurs in all cases, reducing the
degradation process, the dependence of environmental stability with
thickness, irradiation time, and energy is not clear at this stage and
needs further investigation. In the Supplementary Information, we
present optical images (Figures S3, S4, and S5) of different flakes
exposed to distinct e-beam acceleration indicating the long environ-
mental stability of samples treated with different energies and exposure
times. Therefore, our experimental data show strong signs that e-beam
irradiation and nitrogen healing significantly improve the environ-
mental stability of BP.

The high spatial resolution of the e-beam treatment system allows us
to investigate the nitrogen healing effect in the same flake, which is
important to guarantee the direct comparison with the initial properties.
However, the small processing areas and the difficulty to locate thinner
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Fig. 2. Topological and structural analysis of BP flakes exposed to the e-beam. (a) SEM image of a BP flake exposed to the e-beam, where the highlighted area
represents the region exposed at 5 kV, magnification of 10000x for 10 min. (b) AFM image and (c) the respective height profile for the same flake after 72 h of

exposure to ambient.
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flakes in the SEM can limit the investigation and future applications.
Herein, N plasma is also proposed and used as an alternative route to
treat large areas. For the experimental details of the plasma process see
Methods Section. N, plasma-treated sample is compared to a non-treated
sample (control) and Ar plasma-treated BP as shown in Fig. 3. From the
optical images, the Ar plasma-treated BP (d-BP), Fig. 3(d-f), shows the
fastest degradation rate, probably due to the significant formation of
defects [62,63], which undergo intense oxidation and degradation after
exposure to ambient conditions. After 48 h under ambient environment,
the control flakes present a highly oxidized surface, which is covered by
bubbles, Fig. 3(a—c), while the Ar plasma-treated BP is already
completely degraded, with no flakes remaining on the substrate, Fig. 3
(d-f). In stark contrast, Np plasma-treated BP shows an evident
improvement in the stability, and the material is mostly preserved after
the same exposure period, Fig. 3(g-i) and Figure S6. It is worth noticing
that further experiments are still necessary to determine the optimized
conditions for Ny plasma processing. However, our results are a strong
evidence that, during the plasma treatment, nitrogen species are incor-
porated into the BP lattice simultaneously with the removal of the P
atoms, resulting in a modified material with enhanced environmental
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stability. Ar [62,63] and Oy [30] plasma are often used to etch BP. The
Oy-etched BP shows higher stability than the Ar-etched material, which
has been attributed to the formation of a protective PyOy encapsulation
layer [64]. So far to the best of our knowledge, however, exposure of BP
to Ny plasma has not been evaluated.

To further investigate the nitrogen incorporation into BP crystals in
the plasma-treated samples, we have performed an X-ray photoelectron
spectroscopy (XPS) investigation. Fig. 4(a) shows the N1s and P2p high-
resolution spectra for the non-exposed (control) and N, treated BP on Si/
SiOs substrates. The elemental P peaks can be observed at- 130 eV, [65]
while the peak 135 eV is attributed to oxides species (P-O), where P,Os5
is suggested to be the most stable form.[29] The broad peak around 127
eV originates from the s photoelectron Si satellite from the substrate.
[22] For the control sample, we can observe a relative decrease in in-
tensity of the elemental P peaks, followed by an increase in the relative
amount of oxides species. This is expected due to the inevitable air
exposure of the samples before the measurements, since they are
transported in a vacuum desiccator but exposed to environmental con-
ditions during sample preparation [66]. Under the same conditions, the
No-treated BP still presents well defined and relatively intense peaks

Ar-Plasma N>-Plasma

Ar-Plasma

| 4
Thicker flakes

Fig. 3. Plasma treatment of BP flakes. Optical microscopy images, taken 1, 24 and 48 h in ambient conditions after sample preparation, for pristine BP (a-c), BP
exposed to Argon plasma for 5 min (d-f), and BP exposed to N, plasma (N-BP) for 5 min (g-i). The highlighted areas (blue and yellow circles) show regions with

similar optical contrast (thickness) in the control and N»-plasma treated samples.
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Fig. 4. Effect of the N, plasma treatment on BP flakes. (a) High resolution N1 and P2p XPS spectra and (b) Raman spectra for pristine BP (control) and exposed N»-

plasma samples.

from the BP structure at ~130 eV. By comparing the high-resolution N1s
spectra, we clearly see differences between the two systems, for
instance, No-treated BP presents more, well defined, and higher intensity
peaks. Also, the increase in the FWHM of the elemental P peaks also
agrees with the higher degree of oxidation in the control sample
(Table S2) [22]. Since the XPS spot size is ~400 pm and the mechanical
exfoliated material do not cover the whole substrate surface, we have
also analyzed the N1s region of the Si/SiO5 substrate before and after the
N, plasma treatment under the same conditions (Figure S7). The results
confirm the modification of the SiO, surface with nitrogen groups [67],
and, therefore, the two peaks around 403.4 and 399.1 eV in the No-
treated samples are from the substrate. Nevertheless, the additional
peaks at 401.9 and 400.4 eV observed in Fig. 4(a) for the Ny plasma-
treated samples should be from the modified N-BP crystal. Wang and
co-workers have attributed the peaks at about 398 eV and 400 eV to the
nitrogen bound to two and three phosphorus atoms, respectively [68].
Analogously to the e-beam exposed samples, the Raman spectra of the
Na-plasma treated samples present no significant difference in the
Raman modes and FWHM as can be seen in Fig. 4(b) and Table S3. Fig. 4
(b) also shows the Raman spectra for the control sample (after exfolia-
tion and 48 h under the environment) and the data is in stark contrast
with the optical images shown in Fig. 3(a—c), reinforcing that Raman
spectroscopy is not the ideal tool to investigate the BP degradation.

The presence of a wide variety of natural defects is also observed in
BP crystals, and they are easily formed when compared to those in
graphene [69]. Riffle and co-workers showed by scanning tunneling
microscopy and spectroscopy (STM/S) that commercial BP bulk crystals
have a significant amount of native defects (P vacancies), explaining the
p-type doping usually observed in BP [70]. A previous theoretical study
demonstrated that the vacancies in BP have a strong affinity to oxygen,
with an oxidation rate up to 5000x faster than the perfect BP lattice site
[71]. Based on that, we perform the mechanical exfoliation of BP (using
the same bulk crystal) in two different glove-box systems under N and
Ar atmosphere, followed by storage of both samples under the same
ambient conditions (see Methods section for details). Confirming our
expectations, the stability of the flakes exfoliated under the N atmo-
sphere is higher than that carried out in the Ar environment, Figure S8,
suggesting that a simple Ny environment may also have an important
effect on the healing of the native defects. After 48 h of exposure to
ambient oxygen and humidity, the degradation of the BP surface (size
and number of bubbles) is distinctly higher in the sample exfoliated in Ar
atmosphere. Therefore, considering all three different approaches dis-
cussed above, we have shown that BP samples treated under nitrogen
environment present higher environmental stability when compared to
both pristine and Ar plasma treated samples.

To gain further insight concerning the formation of defects on the BP
structure and the subsequent healing with nitrogen, we have performed

DFT simulations. An earlier theoretical study has evaluated the creation
of defects in a single phosphorene layer under an e-beam [72].
Depending on the magnitude and direction of the collision, vacant sites
with subsequent recombination, sputtering or displacement of P atoms
to distant adatom sites can occur [72]. Another possibility is the for-
mation of single vacancies, which can be easily expanded since the P
atoms in the vicinity of the vacancies are likely less tightly bound than
those in the pristine lattice [72]. Thus, the exposure time and e-beam
energy may influence the type and density of defects on the BP surface,
which corroborates our observation that the stabilization is dependent
on the e-beam energy, SEM magnification (energy dose per area), and
the duration of the exposure to the e-beam. The most stable native point
defects in BP are reconstructions of phosphorus divacancies [73]. Since
the samples are submitted to an Ny atmosphere at the specimen pre-
chamber just after the e-beam exposure, we propose that the Ny mole-
cules can heal the divacancy-related defects generated by the e-beam,
resulting in a system with improved stability.

To support our experimental claims, we calculate the formation en-
ergies (AEy) for three different reconstructions of phosphorus divacan-
cies, Fig. 5(a), labelled here DV-(5|8|5)-1, DV-(4]|10|4), and DV-(5|8|5)-
2, whose values are respectively 1.50, 2.27 and 3.20 eV. The numerical
indices in these labels represent the number of sides of the polygons
formed by P-P bonds in the defect reconstruction. All three defects have
very low formation energies, much smaller than the divacancy forma-
tion energy in graphene (~7 eV) [74]. To evaluate one possible mech-
anism for the N; healing, the energy barriers are also calculated with the
nudged elastic band (NEB) method (See Methods section for details). It
starts with an N3 molecule physiosorbed on the divacancy defect and
ends up with the N; replacing the missing P atoms. For the DV-(4|10|4)
and DV-(5|8|5)-2 defects, the incorporated N, are approximately
orthogonal to the basal plane of BP (N-BPq,), Whereas for DV-(5|8|5)-
1 the N3 are parallel to the basal plane (N-BPpara), Figure 89. The ki-
netics of this reaction is related to the transition state energy (Ers),
which has the lowest value for the DV-(5|8|5)-2 defect, Ers = 0.99 eV,
Fig. 5(b). The difference in energy between the final state and the initial
state is negative (Eps = -0.38 eV) for this defect. For the Ny incorporation
in DV-(4]|10]4) and DV-(5|8|5)-1, the transition state energies were 2.60
eV and 1.92 eV, and the final state energies were 1.48 eV and 0.53 eV,
respectively (with the initial state energies set to zero in these studies). It
is also observed that the final state and transition state energies for the
N, incorporation are correlated with the formation energies of the de-
fects, as depicted in Fig. 5(c). Since the N3 incorporation approximately
restores the crystal lattice of BP, we call this process Na healing of BP.
Snapshots of the initial, transition and final states for the N5 healing in
the DV-(5|8]5)-2 defect are shown in Fig. 5(d). It is important to
mention that some atomic restructuring of the nitrogen-healed BP was
also evaluated considering the possibility of the nitrogen atoms not
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Fig. 5. Mechanism of nitrogen healing of BP. (a) Ball-and-stick representation of three different reconstructions of P divacancies: DV-(5|8|5)-1, DV-(4|10|4), DV-(5|
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(FS) energies of the N, healing process with the P divacancy formation energy. (d) Side and top views of three snapshots (initial, transition and final states) of the N5

healing of BP in a DV-(5|8|5)-2 defect.

being adjacent, but with a phosphorus atom in between (Figure S10).
The results have shown that such configuration is also feasible and 1.08
eV lower in energy than the configuration with adjacent nitrogen atoms.

We have also calculated the electronic properties of a pristine BP
monolayer, as well as of the divacancy DV-(5|8|5)-2 monolayer (d-BP),
and an Ny-healed monolayer (N-BP), as shown in Fig. 6(a-c). The pris-
tine BP shows semiconducting properties with a direct bandgap of 0.94
eV. This bandgap is underestimated due to the exchange—correlation
functional used in our density functional calculations. Further calcula-
tions with hybrid exchange—correlation functional (HSE06 functional)
increases the band gap of the BP monolayer up to 1.70 eV [75]. In our
samples, the experimental bandgap should be much smaller due to the

thickness effect [10-12]. For the BP with DV-(5|8|5)-2 defect (d-BP), as
depicted in Fig. 6(b), there are two unoccupied localized states between
the valence and the conduction bands. These localized states are quite
reactive and favourable to the incorporation of nitrogen into the struc-
ture. Fig. 6(c) presents the electronic band structure of the N-BPyho
configuration. The nitrogen healing extinguishes the localized states and
restores the band structure to a profile very similar to the pristine BP. For
these band structures, the orbital compositions of each state are also
calculated and are plotted as a coloured map. Nitrogen contributions are
shown in blue, while phosphorus contributions are shown in red. We
also calculate the projected density of states (PDOS) normalized by the
number of atoms shown in Fig. 6(a—c). We can observe that the
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Fig. 6. Electronic properties of BP, d-BP and N-BP. Band structure and density of states for: (a) pristine BP monolayer, (b) BP with divacancy defect (d-BP), (c) Ny
healed BP (N-BP). Oxidation of BP, d-BP and N-BP: ball-and-stick representation of oxygen adsorption on (d) pristine BP, (e) d-BP, (f) N-BP. (g) LDOS for N-BP
conduction band (CBM < E < CBM + 1.0 eV). (h) LDOS for N-BP valence band (VBM - 1.0 eV < E < VBM). The LDOS is shown as a volume slice plot with colormap
with Blue-Green-Red palette for values from 0 to 0.015 a.u. High concentrations of electronic states are shown in red.

contributions from nitrogen in N-BP form a small peak in the valence
band. Fig. 6(d—f) shows the energies calculated for the oxidation process
of BP, d-BP and N-BP. It can be clearly seen that N-BP (-0.70 eV) is less
prone to oxidation than the pristine (—1.69 eV) or the defective material
(—2.72 eV). These increases in formation energies should result in a
proportional increase in energy barriers for oxidation processes, and in
the slowing of the kinetics of the oxidation reaction. For the N-BPtho,
we calculate the space-resolved local density of states (LDOS) for the
conduction band, from CBM to CBM + 1.0 eV; and for the valence band,
from VBM - 1.0 eV to VBM, as shown in Fig. 6(g-h). Although the band
structures of the pristine BP and the N-BP are very similar, the orbital
contributions of the N cause a different spatial resolution from the
pristine material. The contribution of nitrogen orbitals in the Bloch
states to the conduction band is delocalized in the zigzag direction, and
localized in the armchair direction, forming a quasi-one-dimensional
state as displayed in Fig. 6(g). For the valence band, the contribution
of the N orbitals is localized close to the defect, with a small increase in
the density of states of P atoms close to the Ny defect, as shown in Fig. 6
(h). Finally, it is worth mentioning that the electronic properties of the
pristine BP are not expected to change in N-healed BP, at least for doping
levels up to 6.25%, including the anisotropy and the thickness-
controlled band gap [47]. Therefore, we foresee that our approach can

be easily implemented as an additional step in the fabrication process of
different devices such as BP field-effect transistors and photodectors.
[6-8] Furthermore, we believe that both electrical and optical properties
of N-doped BP flakes can be probed and studied in more details in future
works, for accessing the penetration depth of the e-beam (and N; heal-
ing) and for estimating the degree of N replacement in the BP structure.

In summary, we demonstrated, by theory and experiments, that the
incorporation of nitrogen into the structure of black phosphorus im-
proves its stability under ambient conditions. We showed that treated N-
BP samples are stable for at least 8 days in air while non-treated samples
show severe degradation features before the end of the first day. The
proposed mechanism involves the formation of defects (phosphorus
vacancies) in the BP structure, followed by the healing of the vacancies
with nitrogen molecules. The nitrogen substitution, controlled by e-
beam irradiation, presents high spatial resolution, allowing its control at
nanometric scale. We also demonstrated the use of N plasma irradiation
as an alternative route to scale up the process. Our contribution provides
a deeper understanding concerning the strategies to stabilize the BP and
paves the way towards their future use as stable electrodes, thin films,
heterostructures and optoelectronic devices.
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1. Experimental
1.1. Sample preparation and e-beam nitrogen healing

Black Phosphorus (BP) flakes were prepared by micromechanical
exfoliation of bulk BP (HQ Graphene) on 300 nm thick SiOy/Si sub-
strates using the Scotch tape method in a glove box under Ny environ-
ment (<3% of Os). The substrates were placed on the SEM stubs and
packed in sealed containers inside the glovebox. Then, they were
removed from the glove box and quickly transferred to the SEM pre-
chamber. The estimated period of air exposure (temperature: 19 +
1 °C and humidity: 60 + 5%) was around 120 s. The exposure to the
electron beam was performed using a JEOL JSM-7800F - SEM operated
at ~ 107 Torr. Different parameters, such as electron beam voltage,
magnification and exposure time were evaluated. We have tested 1 kV,
5kV, and 10 kV as acceleration voltage for the e-beam, as well as 1 min,
5 min, and 10 min for the continuous exposure. The magnification used
were 750x for the overall image and 7500x and 10000x for the e-beam
irradiation. After the e-beam treatment, the substrates were transferred
from the analysis chamber to the pre-chamber (under vacuum) and
ventilated with ultra-pure and anhydrous N gas. After removal from the
SEM, the samples were kept on Petri dishes in a clean room (ISO 6)
under ambient conditions (temperature: 19 + 1 °C e humidity: 60 + 5%)
without any additional protection. The control experiments were carried
out with BP flakes manipulated under the same conditions, except for
the irradiation and healing procedures.

1.2. Sample characterization

Optical images were obtained using Nikon and Olympus optical
microscopes. Atomic force microscopy (AFM) measurements were per-
formed using a Bruker Dimension Icon Microscope operated in ScanA-
syst tapping mode and scan lines of 512 under ambient conditions.
Confocal Raman spectroscopy was carried out in a confocal Raman
microscope WITec Alpha 300R, with excitation wavelength of 532 nm
and a 100x objective with a numeric aperture of 0.9. To guarantee that
each Raman spectrum was recorded under the same conditions of light
polarization, an analyzer was placed parallel with the polarization of the
incident light. By rotating the sample and minimizing the By; Raman
signal, we guarantee that the sample is always oriented with one of the
main crystallographic axes along the light polarization axis [55]. After
oriented, a small rotation (<10°) was performed in order to observe and
analyze the Bz BP Raman mode. The laser power was kept constant at
100 pW during all measurements to avoid sample degradation. X-ray
Photoelectron Spectroscopy (XPS) spectra were obtained using the X-ray
Photoelectron Spectrometer K-Alpha (Thermo Scientific) with Al Ko
micro-focused monochromator x-ray source and spot size of 400 um,
total acquisition time of 7 min 32.5 s, 50 scans, energy step size of 0.1
eV, analyzer mode CAE with 50 eV of pass energy and number of energy
steps of 181. Shirley type background and peak fitting were performed
by means of CasaXPS software (version 2.1.19). The peaks were fitted
using Gaussian-Lorentzian GL(30) line shape [76]. The spectra were
normalized with respect to the highest peak intensity for ease of
comparison.

1.3. BP exfoliation in controlled atmosphere and plasma treatment

To further explore the role of the nitrogen in the stabilization of the
BP flakes, the incorporation of nitrogen in two different conditions were
also evaluated. In the first case, bulk BP from the same crystal (HQ
Graphene) was placed in two different glove boxes (Ar and Ny atmo-
sphere). They were mechanically exfoliated using the same procedures
previously described. Then, they were kept under the respective atmo-
sphere for 1 week (Ar or Nj) followed by the exposure to the ambient
conditions.

For the plasma treatments, BP crystals were mechanically exfoliated
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as previously described under N» environment. The substrates were
removed from the glove box and quickly (<1min) transferred to the
plasma system (SPI Supplies - Plasma Prep III Etcher). The system
chamber was evacuated (120 mTorr) and either the Ny or the Ar gas line
was opened until the pressure reached 255 mTorr. The flakes were
submitted to the respective plasma (25 W) for 5 min, and then stored
under ambient conditions (temperature: 19 + 1 °C e humidity: 60 + 5%)
without any additional protection.

1.4. Ab initio simulations

We carried out ab initio simulations based on density functional
theory with localized atomic basis implemented in Siesta code [77]. The
basis set for Kohn-sham orbitals was defined with DZP functions, and
energy shift of 0.030 eV. We set mesh cutoff of 300 Ry, supercells with
5x3x1 unit cells and k-points with the Gamma-centered grid of 3x5x1 for
supercells. The exchange-correlation functional used was in PBE
approximation [78], and the norm-conserved pseudopotentials were
based on Troullier-Martins parametrization [79]. All geometries were
relaxed with forces smaller than 0.020 eV/A. For reaction mechanism,
we use nudged elastic band (NEB) method [80] as implemented in
Atomic Simulation Environment (ASE) platform [81], with 5 interme-
(giate steps (images) and optimizations with forces smaller than 0.1 eV/
A.
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