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Abstract:

Fundamental understanding of the atomic-scale mechanisms underlying production, accumulation,
and temporal evolution of defects in phosphorene during noble-gas ion irradiation is crucial to
design efficient defect engineering routes to fabricate next-generation materials for energy
technologies. Here, we employed classical molecular dynamics (CMD) simulations using a
reactive force field to unravel the effect of defect dynamics on the structural changes in a
monolayer of phosphorene induced by argon-ion irradiation, and its subsequent relaxation during
post-radiation annealing treatment. Analysis of our CMD trajectories using unsupervised machine
learning methods showed that radiation fluence strongly influences the type of defects that form,
their dynamics, as well as their relaxation mechanisms during subsequent annealing. Low ion
fluences yielded a largely crystalline sheet featuring isolated small voids (up to 2 nm), Stone-
Wales defects, and mono-/di-vacancies; while large nanopores (~10 nm) can form beyond a critical
fluence of ~10'* ions/cm?. During post-radiation annealing, we found two distinct relaxation
mechanisms, depending on the fluence level. The isolated small voids (1-2 nm) formed at low ion-
fluences heal via local re-arrangement of rings, which is facilitated by a cooperative mechanism
involving a series of atomic motions that include thermal rippling, bond formation, bond rotation,
angle bending and dihedral twisting. On the other hand, damaged structures obtained at high
fluences exhibit pronounced coalescence of nanopores mediated by a mechanism involving
formation of 3D networks of P-centered tetrahedra. These findings provide new perspectives to
use ion beams to precisely control the concentration and distribution of specific defect types in
phosphorene for emerging applications in electronics, batteries, sensing, and neuromorphic

computing.
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1. Introduction

Controlled introduction of structural defects, such as point imperfections (e.g., vacancies,),
topological irregularities (e.g., Stone-Wales), extended lines (e.g., boundaries), and nanopores, has
emerged as a powerful route to achieve several key technology-relevant functionalities in two-
dimensional (2D) materials.! Numerous approaches have been proposed for such precise
engineering of defects in 2D materials, including irradiation with ions or electrons,® 7 exposure to
ultraviolet light®, chemical doping®, and plasma treatment.!® ' Of these, irradiation of 2D
monolayers with energetic ions or electrons has been exceedingly popular owing to its ease of
operation, and good control over regions of exposure.? > 12 13 Importantly, ion/electron irradiation
has enabled novel chemical, opto-electronic, magnetic, and ion-transport behavior in graphene,? 3
> 14 transition metal di-chalcogenides (TMDs),!5-2 hexagonal boron nitride (2-BN),?!->* and other
2D materials.!> 25 For instance, bombarding graphene with beams of swift heavy ions (e.g.,
gallium) yields sub-nanometer pores with excellent selectivity for ion-transport making them
suitable for desalination of water, chemical separation, and water purification.!* 26 Similarly, ion-
radiation has been successfully employed to fabricate defective 2D TMD structures, which exhibit
improved electron transport in field effect transistors,'? increased stiffness,! excellent magnetic
ordering,'” and enhanced visible photoluminescence;'® 27 additionally, optoelectronic properties
of A-BN monolayers and other emerging 2D materials can be modulated effectively using
ion/electron irradiation.!321-25

In recent times, monolayer of black phosphorous (or phosphorene) has attracted a lot of
attention due to its unique puckered structure, and the consequent remarkable in-plane anisotropy
in its mechanical, thermal, and opto-electronic properties.?®3! In particular, the lower symmetry
structure of phosphorene (as compared to graphene and TMDs) underlies thickness-dependent
electronic band gap (1.5 eV in monolayer to 0.3 eV in bulk??), high hole mobility?® (~10° cm?/V/s),
large drain current modulation,?® negative Poisson ratio,*? selective adsorption of gases,*? and
excellent optical properties in phosphorene.* Such unique combination of physical properties
makes phosphorene lucrative for use in field effect transistors, nano-mechanics, gas sensors,
photonic devices, and photovoltaic junction thin-film solar cells.?® 29 31-33, 35, 36 From the

perspective of defect engineering, the relatively weak P—P bonding, rich variety of possible
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hybridization states for P atom, and variable atomic coordination around P (up to 6 neighbors)
enables (a) high structural flexibility, (b) low vacancy formation energy resulting in high vacancy
concentration at room temperature, (c) fast vacancy migration even under ambient conditions, and
(d) highly anisotropy in migration of single vacancies (SVs) with SV hopping rates in zigzag
direction three orders of magnitude greater than that along armchair direction.3”-3° These properties
enable a much wider variety of defect configurations in phosphorene than that observed in other
mono-atomic 2D materials, such as graphene and silicene.** For instance, several defect
configurations, such as a reconstructed 4|10/4 double vacancy featuring a 10-member P-ring
sandwiched between two 4-member P-rings and line boundary phases containing tetrahedrally
coordinated P atoms, are observed only in phosphorene; these do not exist in graphene and
silicene.*® Such defects have been reported to introduce novel functionalities in phosphorene,
including hole-doping,*® semi-metallicity,'® local magnetic moments,*® improved activity for
hydrogen evolution reactions,*> > enhanced ion-transport for alkali-ion batteries,* and unique
photo-responses for emerging applications in neuromorphic computing.** 45 Importantly, recent
reports have successfully demonstrated that these structural defects can be introduced in
phosphorene by irradiating it with energetic particles.!>3° This opens up a unique opportunity to
design next-generation functional materials via defect engineering of phosphorene using ion
beams.

Most of the emerging applications in electronics (e.g., neuromorphic devices), battery anodes,
and gas sensing require phosphorene sheets with a prescribed density and distribution of specific
types of defects (e.g., vacancies, nanopores etc.).?> 44> Such a precise control over the
concentration and spatial arrangement of defects in phosphorene under ion-beams remains
exceedingly difficult; this, in turn, has thwarted defect engineering in phosphorene. The challenge
primarily stems from a lack of fundamental understanding of the atomic-scale processes
underlying generation, accumulation, and temporal evolution of various types of defects under ion
irradiation of phosphorene. Until now, efforts on characterizing response of phosphorene to
irradiation have been largely limited to impacts from energetic electron beams using first principles
simulations and in situ electron microscopy.'? 3 Even for electrons, previous works have focused
primarily on characterizing the structure of various defects (e.g., single-vacancies, di-vacancies,
Stone-Wales etc.), their formation energetics, their migration kinetics, and electronic properties. '

39 In particular, recent ab initio molecular dynamics (AIMD) studies of isolated collision events
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showed that displacement threshold energies for primary knock-on damage in phosphorene are
quite low, and that electron beams can be used to fabricate isolated zig-zag atomic chains with
semi-metallic character.!> 3% Furthermore, density functional theory (DFT) calculations predict
that formation energy of single-vacancy in phosphorene (1.65 eV) is much lower than that in
graphene (7.57 €V);?® this is consistent with previous scanning tunning microscopy reports of
abundance of single-vacancies in phosphorene.*® More recently, combination of in situ
transmission electron microscopy and DFT calculations revealed atomic-scale pathway for
migration of a di-vacancy, and elucidated aggregation of single, di-, and tri-vacancies into vacancy
lines.? Despite these recent successes, the atomistic details of the dynamical events associated
with nucleation of defects, interaction between the different defects, and the temporal evolution of
morphology of phosphorene sheets under multiple successive ion impacts are still unclear. Such
knowledge is urgently needed to design phosphorene-based materials for emerging applications in
nano-electronics, batteries, and sensing.?> 43-4

Classical molecular dynamics (CMD) simulations based on analytical potentials is an
established tool to gain insights into the atomic-scale processes that occur under focused ion-beam
irradiation and post-radiation annealing treatments. Previously, this tool has been successfully
utilized to characterize radiation damage and explore radiation-tolerance mechanisms in metals,
semiconductors, ceramics and 2D materials.*’-3! A comprehensive review of the various CMD
techniques employed to study radiation effects on materials is available elsewhere.>? Of particular
relevance to 2D materials, these techniques have been extensively used to elucidate the effect of
reduced dimensionality of graphene,’® MoS,'>>* and other 2D materials** on formation of defects
during ion-irradiation, and the atomic-scale dynamics associated with their relaxation upon
subsequent annealing; no report on CMD simulations of ion-bombardment of phosphorene is
available in the literature.

Here, we employ CMD simulations within the framework of a reactive force field> to
characterize the structural damage in phosphorene induced by ion-radiation and identify key
atomic-scale dynamical processes that occur in response to ion-radiation. Using an energetic beam
of argon (Ar) as a representative bombarding noble gas ion source, we systematically investigate
the effect of ion-radiation fluence on (a) type of defects generated, (b) spatial distribution of
defects, and (c) evolution of defects, during radiation and subsequent annealing treatment. We find

that fluence amount strongly impacts type of defect generated and accumulated during radiation,
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as well as the structural relaxation mechanisms during post-radiation annealing. At low fluences
of Ar irradiation, the damaged sheet retains its crystallinity, and features mainly isolated point
defects, small voids, and topological Stone-Wales defects. Upon annealing, the small voids
completely heal by a mechanism involving local re-organization of rings enabled by the collective
effect of thermal rippling, bond formation, bond rotation, angle bending, and dihedral twisting. On
the other hand, bombarding phosphorene at high fluences results in large nanopores owing to
pronounced sputtering of the phosphorus atoms. These large nanopores further coalesce with each

other by a mechanism mediated by formation of 3D networks of P-centered tetrahedra.

2. Methods

We perform CMD simulations using the LAMMPS package® to study the response of
monolayer (ML) of phosphorene to argon (Ar) ion-bombardment. Several previous CMD studies
have successfully characterized structural damage in ion-irradiated materials using a combination
of bond-order interatomic potentials (e.g., Tersoff, AIREBO etc.), and universal Ziegler-Biersack-
Littmark (ZBL) repulsive potential®’’ to describe atomic interactions.!? 34 58-60 The bond-order
potentials describe defect dynamics within the irradiated material, while ZBL potential accounts
for nuclear repulsions at short distances (< 1 A) between bombarding ions (such as Ar) and the
atoms in the irradiated material.'? >4 38-¢0 For investigations of multiple ion impacts, the dispersive
interactions between the noble gas ions are typically described using a Lennard Jones (LJ)
potential.>* Motivated by the successes of these previous works,!> 34 38-60 e adopted a similar
approach using a combination of (a) a general bond-order based reactive force field (ReaxFF)>>: 6!
for P-P interactions, which is known to accurately describe formation and dissociation of chemical
bonds in a wide range of material systems,®!-%3 (b) a purely repulsive Ziegler-Biersack-Littmark
(ZBL) potential for Ar-P interactions, and (c) Lennard Jones (LJ) potential to treat the dispersive
Ar-Ar interactions.

In the framework of ReaxFF, the total energy of the system is expressed as the sum of
contributions from (a) several short-range interactions (including bond stretching, angle bending,
dihedral twisting, and over/under coordination) that depend on instantaneous connectivity between
atoms, as well as (b) long-range dispersion and electrostatic effects.> % At a given instant, all the
connectivity-dependent (short-range) interactions are functions of bond-orders that are derived

from interatomic distances. Importantly, the bond-order between a pair of atoms is strongly
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influenced by the local atomic-coordination environment, and thereby, captures many-body
effects. Long range van der Waals and Coulomb interactions are accounted for every pair of atoms
regardless of their connectivity. The evolution of atomic charges with time is determined using
electronegativity equalization method; this, in conjunction with the bond-order concept allows
ReaxFF to describe metallic, ionic, covalent, and low-dimensional systems equally well.#% 61,62, 64,
65 More importantly, ReaxFF has been successfully employed to investigate defect evolution in
graphene under ion bombardment.®! The ReaxFF parameters used in this study were specifically
developed to accurately capture thermodynamic, structural, mechanical, and thermal properties of
pristine and defective phosphorene sheets.>> More relevant to this study, ReaxFF has been reported
to be the best available interatomic potential to investigate energetic and dynamical behavior of
defects in ML-phosphorene.’> Other non-reactive potentials available in the literature for
phosphorene cannot treat defects accurately. For instance, the Stillinger-Weber potential severely
underestimates defect formation energies; in fact, it cannot distinguish the energetic difference
between a Stone-Waals defect and pristine phosphorene. On the other hand, the bond-order
formalism of ReaxFF enables it to accurately capture relative stability, formation energies, and
geometry of defects in ML-phosphorene in excellent accordance with DFT calculations.>>
Formation energy for single-vacancy (SV) and double-vacancy (DV) defects in ML-phosphorene
predicted by ReaxFF are in excellent agreement with DFT calculations (within ~8%).3°> Note that
the ReaxFF overestimates the formation energy of Stone-Wales (SW) defect in ML-phosphorene
by ~36%.%> Apart from defect energetics, another key property relevant for defect production under
ion bombardment is the displacement threshold energy (7). This property is defined as the
minimum kinetic energy that must be transferred to an atom to permanently displace it from its
lattice site and cause structural damage. Using CMD simulations, we found that ReaxFF predicts
T, for P in ML-phosphorene as ~6.5 eV (Supplementary Information, Section S1, Figures S1-S2);
which are close to the results obtained by previous AIMD simulations (~6 €V).!3 Such close
agreement between ReaxFF and first-principles calculations suggests that the ReaxFF approach
should provide good quantitative description of defect production under ion bombardment.

The interactions between the Ar and P atoms are modeled using a universal purely repulsive
ZBL potential,’” which is well-documented to provide a good description of nuclear repulsion at
short interatomic distances (below around 1 A), such as those typically encountered in ion

radiation. ZBL has been long been accepted as the standard approach to treat repulsion between
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colliding atoms in CMD simulations of ion radiation for a wide range of materials.%*-% Indeed, we
found that ZBL captures the interaction energies for Ar and P atoms at short distances well in good
agreement with our density functional theory calculations (Supplementary Information, Figure
S4). Finally, the interactions between Ar atoms are described using a LJ potential, defined as £ =
4&[(o/r)'? -(ofr)®], where r is the separation distance between the pair of Ar atoms, ¢, and o are
independent parameters. We take the values of & = 0.0103 eV and o = 3.45 A for Ar-Ar
interactions, which have been successfully used in previous CMD studies of ion-bombardment in
two-dimensional MoS,.’* Indeed, the binding energy landscape of an Ar-Ar dimer predicted by LJ
is in good agreement with our dispersion-corrected DFT (i.e., DFT+D3)% calculations
(Supplementary Information, Figure S5)

To demonstrate the suitability of the combination of interatomic potentials chosen here for
simulating ion-radiation behavior of ML-phosphorene, we calculated the sputtering yield at
various kinetic energies (1 eV — 100 keV) of an incident Ar atom using 30,000 short CMD
simulations (1 ps) on small supercell of phosphorene consisting of 2,552 atoms (details on methods
available in Supporting Information, Section S1). We found that the dependence of the number of
sputtered atoms as a function of Ar-ion energy is qualitatively similar to that in other 2D materials
(e.g., graphene,”® MoS,,'> and hBN"!), with maximum sputtering yield of ~7 P atoms at an
intermediate Ar energy ~600 eV (Supplementary Information, Figure S3). This provides further
validation of the approach used in this work to describe atomic interactions. The Ar sputtering
yields for phosphorene (maximum of ~7) are much higher than in graphene (with a maximum yield
~1.2 at Ar energy ~300 eV); 7° such high sputtering yields can be attributed to the substantially
weaker binding in phospherene (cohesive energy: —3.48 eV/atom)'3 than graphene (cohesive
energy: —7.76 eV/atom)’2.

For our CMD simulations, we use an orthorhombic computational supercell of dimensions
~69.3 nm x 65.1 nm x 5 nm containing 120,000 atoms to simulate a ML of pristine black
phosphorus. Periodic boundary conditions are employed in the plane of the monolayer, while fixed
boundary conditions are used in the direction normal to the sheet. The ML-phosphorene is first
thermalized under ambient conditions (300 K, 1 atm) for 1 ns under isothermal-isobaric conditions
(NPT) followed by equilibration for additional 2 ns at 300 K at constant volume using the canonical
ensemble (NVT). Constant temperature/pressure conditions are maintained using the Nose-Hoover

thermostat/barostat. The thermalized ML-phosphorene exhibits the typical puckered structure with
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characteristic P-P bond lengths ~2.23 A, and bond angles of 8; ~100.7° and &,~103°, in excellent
agreement with previous first-principles studies (Figure 1(a,b)).”> 7* This equilibrated sheet
exhibits wrinkling (Supplementary Information, Figure S6), consistent with previous works on

other 2D materials.”>

69.3 nm

65.1 nm

RADIATION ZONE

1.5 nm

Figure 1. Classical molecular dynamics simulation set-up for argon ion bombardment of
monolayer phosphorene. Pristine ML-phosphorene sheet with dimensions 69.3 nm x 65.1 nm
(120,000 atoms) is first equilibrated under ambient conditions using CMD simulations within the
framework of ReaxFF. Selected regions of the thermalized sheet are shown from two different
viewpoints, namely (a) Top, and (b) Side. The top view illustrates that the thermalized sheet
contains only six-membered rings of P atoms, while the side view highlights the puckered nature
of the sheet, as described by two bond angles &, and 6,. For the sake of clarity, in panel (b), the
atoms belonging to the two different planes in the sheet are depicted by spheres of distinct colors
(red: top, blue: bottom). (¢) To simulate Ar bombardment, the atoms in the thermalized sheet are
classified into three distinct zones by their location, namely radiation (red), intermediate (green),
and thermostat (gold). Only the P atoms in the radiation zone are bombarded by high-energy Ar
ions; the atoms in the thermostat zone are coupled with Nose-Hoover thermostat held at 300 K to
simulate a heat sink. The atoms in the radiation and intermediate zones are treated using a micro-
canonical (NVE) ensemble.

Next, we mimic ion-bombardment by introducing Ar atoms at random locations (as
implemented by fix deposit in LAMMPS) over a central area of the thermalized phosphorene (61.3

x 57.1 nm?; 0.75 times total sheet area) called the radiation zone shown by the red region in Figure
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1(c). The initial kinetic energy of the newly inserted Ar atoms is set at 25 eV with velocities pointed
along arbitrary directions towards the radiation zone, following earlier works on defect engineering
of 2D materials via ion-radiation.”® Previous first principles studies on electron-radiation of
phosphorene demonstrate that the kinetic energy chosen in this work is sufficiently low to expect
the damage to be caused by nuclear collisions alone. Additionally, effects of charging and
electronic excitation are expected to be minimal in phosphorene owing to its small band gap.
Therefore, similar to previous CMD studies on ion radiation of 2D materials, we have ignored
electronic and charge effects. Note that we do not introduce any initial charge on the incoming
argon atom; as typical in the literature of CMD simulations of ion radiation, we refer the incoming
neutral argon atoms as ions analogous to experiments. The atoms located within ~1.5 nm of the
edges of the supercell (gold region in Figure 1(c)) are held at ambient temperature (300 K) in the
canonical ensemble to simulate a heat sink. The equations of motion for all other atoms are
integrated within the microcanonical ensemble to account for the energy deposited by the
bombarding ions. Similar approach has been successfully employed to account for heat-dissipation
in CMD studies of ion radiation in other 2D materials.’> ¢! An extremely small-time step of 0.005
fs is employed during irradiation to avoid high atomic displacements within a single timestep

during the ion-impacts.

Numerous Ar ion fluences in the range 2.86 x 1013 — 1.43 x 10!* Ar/cm? are simulated. ions
These fluences are similar to those used in typical experiments for defect-engineering in two-
dimensional materials (10'2 - 10'® ions/cm?).7¢ For any fluence, we employ a dose rate of 2 x 10>
ions/cm?s similar to that used in earlier ion-bombardment studies on graphene (10%* to 10?7
/cm?.5).%! The dose rate used in CMD simulations are significantly higher than that in typical
experiments due to the limits imposed by computational costs. Note, we ensured that the radiation-
induced atomic displacements are significantly far away from the thermostat zone (heat-sink) to
avoid any spurious artifacts. After the irradiation is completed up to the desired fluence, the
damaged sheet is subjected to a thermal annealing at a higher temperature of 700 K for 5 ns (with
a timestep of 0.5 fs) using canonical ensemble. The slightly higher temperature is necessary to
sufficiently accelerate the defect dynamics to capture the complete reconstruction of defects within

CMD timescales.
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3. Results and discussion

We first analyzed our large-scale ReaxFF-CMD trajectories to understand the influence of
radiation fluence (10'3-10'* Ar ions/cm?) on the structural damage caused by ion impacts in ML-
phosphorene, and its relaxation during subsequent annealing (Figure 2). In pristine ML-
phosphorene equilibrated under ambient conditions, each P atom is surrounded by three other P
neighbors at a distance of ~2.3 A in a puckered honeycomb lattice structure (Figure 1(a)),
consistent with previous reports.*%-77-78 Upon Ar-ion bombardment, a significant fraction of the P
atoms lose their 3-fold coordination resulting in P atoms coordinated with 2 or 4 P neighbors
(Figure 2(a-c)). As expected, the fraction of the over-/under-coordinated P atoms increases
progressively with radiation fluence. For instance, at low ion fluence of 2.86 x 10!3 Ar/cm?, only
~3% of the P atoms lose their 3-fold coordination, while increasing the fluence to 1.43 x 104
Ar/cm? disrupts the ideal coordination around ~18% P atoms (Figure 2(a-c)). Direct visualization
of the CMD snapshots clearly shows that over-/under-coordinated P atoms occur predominantly
at the edges of holes and nanopores formed due to sputtering of P atoms by impacting Ar ions
(Figure 2(d-f)). We also observed a few one-dimensional zig-zag chains of P atoms at high fluences
(coordination number of 2), akin to those reported in a recent DFT study on electron-beam induced
defects in phosphorene (see for example inset in Figure 2(h)).!* Similar under-coordinated
configurations (i.e., containing 2-fold atoms) are well-documented to occur at the edges of

nanopores in graphene, h-BN, MoS; and other 2D materials under Ar-bombardment.33- !

Typically, over-coordination (such as local tetrahedral arrangement) is a rare occurrence in Ar-
irradiated 2D materials, even at higher ion-fluences than that used in the current study.
Remarkably, the excellent flexibility of P-P-P bond angles facilitates the formation of 4-fold P-
atoms in Ar-irradiated phosphorene (Figure 2(a-c)). Indeed, the average bond lengths (~2.29 A)
and bond angles (~108.75°) around the 4-fold P atoms in our CMD snapshots of irradiated
phosphorene sheets are in close agreement to previous reports on allotropes of phosphorene
featuring tetrahedral coordination.>> 7%- 80 Such tetrahedrally coordinated P atoms have also been
reported to occur in vacancy ad atom defect complexes in electron-irradiated phosphorene,'? as

well as in line-boundary phases in epitaxially grown phosphorene.8!

The relative fraction of P atoms with 2-, and 4-fold coordination in the irradiated sheet is

strongly influenced by the amount of fluence, which in turn, leads to distinct structural morphology
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at different fluence levels. At low ion fluence (2.86 x 10'3 Ar/cm?), the irradiated sheet is largely
composed of 3-fold P atoms, with small fractions of 2-fold (~2%) and 4-fold (~1%) P atoms. This
results in a structure with isolated vacancies, and small voids whose largest dimension is < 2 nm
as shown in Figure 2(d). On the other hand, as the radiation fluence increases, the relative fraction
of 4-fold P-atoms increases appreciably (Figure 2(a-c)). Indeed, at 1.43 x 10'* Ar/cm?, the fractions
of 3-fold, 2-fold, and 4-fold P atoms are ~82%, ~7% and ~11%; this results in large nanopores
(~10 nm), whose edges are stabilized by tetrahedrally coordinated P-atoms (Figure 2(h)).

Interestingly, the irradiated structures at various fluence levels show marked differences in
their relaxation behavior upon subsequent thermal annealing at 700 K. The small, isolated voids
formed at low fluence (< 2.86 x 103 Ar/cm?) heal almost completely to form coherent (albeit
defective) lattice via local reconstruction into various topological defects such as Stone-Wales
(SW), single and divacancy (Figure 2(c)). As a case in point, the insets in Figures 2(b,c) illustrate
the healing of a representative small isolated void via formation of a stable 5-77-5 SW defect. Such
local reconstructions eliminate void edges, causing more than half the 2-fold P-atoms to regain
their ideal coordination (3-fold) during annealing (Figure 2(a)). The 4-fold P-atoms also revert
back to 3-fold coordination, albeit to a lesser degree (~16%); the remnant 4-fold P-atoms coexist
with the topological defects (Figure 2(g)). On the other hand, large nanopores present in the
irradiated sheet at high fluence (> 1.43 x 10'* Ar/cm?) tend to coalesce with each other (Figure
2(f,1) and the insets). This coalescence of the voids is associated with an appreciable increase in
the number of tetrahedral P-atoms (~9%) (Figure 2(c)). Direct visualization of the RMD trajectory
shows that these new tetrahedral P-atoms form a 3D network around the edges of the large
nanopores (Figure 2(f) inset). Such 3D networks thwart the recovery of local coordination around
the edge P atoms, even upon annealing for a long time (Figure 2(i) inset). In the intermediate
fluence regime (e.g., 8.57 x 1013 Ar/cm?), we observe that many voids are sufficiently large to heal
via ring re-organization. At the same time, the voids do not coalescence upon annealing; the shapes
of the voids change slightly. Note that a few small voids appear in the sheet irradiated at

intermediate fluence, which heal during annealing.
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Figure 2. Characterization of structural damage in ML-phosphorene caused by Ar ion
bombardment and its relaxation during subsequent annealing at 700 K. To provide a measure
of radiation-induced changes in short-range structural order of phosphorene, we calculate the
relative fraction of P atoms with different coordination in the sheets after irradiation (orange) and
at the end of the subsequent annealing (green) at 700 K for 5 ns for three representative fluence
levels, namely (a) 2.86 x 103 Ar/cm?, (b) 8.57 x 1013 Ar/cm?, and (c) 1.43 x 10'* Ar/cm?. Selected
regions in the atomic snapshots after (d-f) irradiation and (g-i) annealing obtained from our
ReaxFF-MD simulations are shown for the three fluences, 2.86 x 10'* Ar/cm? [panels (d,g)], 8.57
x 1013 Ar/cm? [panels (e,h)], and 1.43 x 10'* Ar/cm? [panels (f,i)]. The sheets irradiated at low Ar
fluence contain small isolated nanopores, which heal via reconstruction of rings upon annealing.
A representative nanopore that heals completely is shown in insets of panels (d) and (g). On the
other hand, sheets exposed to high Ar fluence feature large nanopores, which coalesce upon
annealing; an example is illustrated in the insets of panels (f) and (i).

Figure 3 elucidates the evolution of size distribution of the nanopores (or voids) during ion-
bombardment of ML-phosphorene at various fluence levels, and subsequent thermal annealing.
We employ an unsupervised machine learning (clustering) method called DBSCAN?? to identify
nanopores of a particular size and obtain a frequency distribution of the sizes in a fast and

automatic manner. In this method, the RMD snapshot of interest is first voxelized using a grid of
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size 1.5 A x 1.5 A x 50 A, and all empty voxels (i.e., vacancy) are marked. Thereafter, we employ
a local density-based clustering algorithm DBSCAN to assign each vacant voxel to a neighboring
group of vacancies (i.e., a nanopore) if it has a minimum of 6 neighboring vacant voxels within
2.2 A. Details about the DBSCAN method can be found elsewhere.8? Previously, we had
successfully employed this approach to determine pore size distribution in self-assembled metal-
organic heterostructures, analyze grain growth in ice, and perform autonomous microstructural
characterization in a wide variety of materials. Consistent with direct visualization of our RMD
trajectories, DBSCAN-clustering analysis shows that the average nanopore size (as well as the size
of the largest nanopore) in the irradiated sheets increases progressively with fluence (Figures 2,3).
At low fluences, the irradiated sheet contains uniformly distributed voids with cross-sectional area
< 80 A2 that are well-separated from each other. Upon annealing, there is a marked reduction in
the number of nanopores and a shift in the frequency distribution towards smaller sizes (Figure
3(a)). In fact, most voids heal almost completely, which, in turn, results in ~45% decrease in the
overall nanopore area (Figure 3(d)). This clearly demonstrates that morphological evolution of
phosphorene irradiated at low fluences is dominated by healing of voids, consistent with findings

in Figure 2 (a,d,g).

As the ion fluence is increased to intermediate levels (8.57 x 10'3 Ar/cm?), we observe bigger
nanopores (up to 450 A?) at the end of bombardment that are well-separated from each other (edge-
to-edge distance between closest nanopores is at least 8 A). The irradiated sheet also featured
several small voids which healed via ring reorganization. However, the larger ones (with cross-
sectional area > 90 A2) reduce in size slightly and undergo change in shape via reconstruction
around the edges (Figure 3(b)). Overall, upon annealing, the total nanopore reducing by only
~18%, which suggests lower healing than that at low fluences. On the other end, at high fluence
(>1.43 x 10'* Ar/cm?), hundreds of large nanopores form, whose cross-sectional areas are at least
5-10 times greater than that found at low fluences (Figure 3(c)). Interestingly, upon annealing the
sheet irradiated under high fluence (1.43 x 104 Ar/cm?), new pores at higher area (> 2500 A2?)
form at the expense of pores of size >1000 A2 (Figure 3(c)); while the number of pores <1000 A2
remain nearly constant. In fact, the largest nanopore formed after annealing (~3446 A2?) is nearly
45 times the area of the largest nanopore in the irradiated sheet (~77 A2) as shown in Figure 3(c).

Note that the total nanopore area reduces marginally by ~2.5% during annealing, indicative of
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negligible healing (Figure 3(d)). Evidently, coalescence of nanopores is the dominant relaxation

mechanism for sheets irradiated at high ion fluences.
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Figure 3. Evolution of nanopores in Ar irradiated ML-phosphorene sheets, as obtained from
CMD simulations. Spatial- and size-distribution of nanopores in phosphorene sheet (as identified
by DBSCAN clustering algorithm from CMD snapshots) after exposure to Ar irradiation and
subsequent annealing at 700 K for three representative fluences levels, namely (a) 2.86 x 103
Ar/cm?, (b) 8.57 x 1013 Ar/em?, and (c) 1.43 x 10'* Ar/cm?. (d) Total nanopore area after irradiation
and subsequent annealing for different Ar fluences. In panels (a-c), the top view of the sheet after
irradiation (top-left) and annealing (top-right) are shown, wherein the nanopores and filled regions
are depicted in dark and light blue respectively. The corresponding size distribution of the
nanopores (measured by cross-sectional area) are also shown in each panel.

Next, we characterize the radiation-induced structural damage by calculating the integrated
radial distribution functions (RDFs), counting the number of P atoms sputtered fom the sheet, as

well as quantifying change in crystallinity upon ion bombardment and subsequent annealing
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(Figure 4). Integrated RDFs provide an effective visual way to rapidly assess the long-range order
of crystals, including 2D monolayers. For pristine phosphorene, integrated RDF (coordination Z(7)
as a function of separation distance ) exhibits plateaus at characteristic P-P separation distances
that correspond to different neighbor shells (Figure 4(a)). Any disruption in the step-like nature of
the Z(r) plot indicates loss of crystallinity. Although integrated RDF provide a quick way to
visually assess the structural damage, it does not provide any quantitative insight. To quantitatively
assess long-range disorder induced by ion-bombardment, we define crystallinity as the ratio
between 6-membered P-rings and the total number of rings in the impacted region. This metric is
motivated by previous studies on graphene, wherein fraction of carbon atoms belonging to 6-
membered honeycomb rings has been successfully employed as an accurate indicator of
crystallinity. Note, this definition will yield 100% crystallinity for a pristine ML of phosphorene,

since it is entirely made up of puckered 6-membered P-rings (Figure 1(a)).
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Figure 4. Effect of Ar irradiation on structural order in ML-phosphorene sheets. Number of
P neighbors, Z(r) as a function of P-P separation distance r in phosphorene after irradiation and
subsequent annealing at 700 K for three Ar fluences namely (a) 2.86 x 1013 Ar/cm?, (b) 8.57 x 1013
Ar/cm?, and (c) 1.43 x 104 Ar/cm?. (d) Change in crystallinity, defined as the probability of finding
6-membered rings in the impacted region, and fraction of sputtered P atoms for different Ar
fluences. In panels (a-c), Z(r) for pristine phosphorene sheet equilibrated under ambient conditions
is also shown for comparison.
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At low radiation fluence (2.86 x 10!3 Ar/cm?), phosphorene largely retains its crystallinity after
ion-bombardment as shown by clear plateaus at characteristic separation distances in the integrated
radial distribution function (Figure 4(a)). The slight distortion in the long-range order in irradiated
phosphorene is further healed upon subsequent annealing resulting in a ~95% crystalline structure.
This behavior is consistent with the extremely low number of sputtered P atoms (~0.7%) at this
fluence (Figure 3(d)), and also agrees well with our direct visualization of RMD trajectories
(Figure 2(b,c)). Similarly, as expected from our findings in Figures 2 and 3, the number of
sputtered P atoms increases progressively with radiation fluence resulting in lower crystallinity,
dropping to ~60% at high radiation fluence of 1.43 x 10'* Ar/cm? (Figure 4(b-d)). The
amorphization of the sheet irradiated at fluences > 8.5 x 10'3 Ar/cm? is clearly evident in the lack
of well-defined coordination plateaus in the integrated RDF beyond the first neighbor at P-P
separation distance ~2.4 A, which shows loss of long-range order (Figure 4(b,c). Furthermore, we
found that ~0.8 — 1.4 P atoms get sputtered per Ar impact, which is consistent with our single
impact simulations (Supplementary Information, Figure S2).

To gain quantitative insights into the influence of Ar-radiation fluence on defect production,
and their annihilation/re-organization during subsequent annealing, we analyze our RMD
trajectories to collect statistics on the P-rings of different sizes, as well as topological point defects
in ML phosphorene during different stages of Ar-irradiation (Figure 5). As expected from their
high crystallinity (Figure 4(a,d)), irradiated sheets at low fluences primarily consist of puckered 6-
membered P-rings (~92%), which further increase upon thermal annealing to ~95% (Figure 5(a)).
As the Ar fluence increases, the relative fraction of 6-membered rings drops consistent with our
structural characterization (Figures 2,4); at the same time, the fraction of non-six-membered rings
rises. These non-hexagonal rings play a crucial role in local reconstructions of atomic network
around voids to a coherent defective lattice without any under-coordinated atoms.! More
importantly, such reconstruction can retain the planarity of the sheet when the arrangement of
polygons satisfies certain symmetry rules (e.g., 5-77-5 Stone-Wales) or induce local curvatures
(e.g., collection of pentagons and hexagons in fullerene).! Figure 5(a-c) shows that the fraction of
the pentagons (5-membered rings) -- a key constituent of several stable defect configurations --
rises significantly upon thermal annealing (up to ~25% at 1.43 x 10'* Ar/cm?) at all fluences.
Indeed, we observe several stable topological defects consisting of various combinations of

polygons*® 83, 8% in Ar-irradiated phosphorene. Many of the defects found in this study are also
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commonly found in the other 2D materials such as graphene' and/or silicene.®> Compared to other
2D-materials, these defects are easier to form in phosphorene due to their lower formation energies,
13,40,83, 84 and consequently, have a higher areal density.*’

Single Vacancy (SV-59) is the most dominant type of point defect in the irradiated
phosphorene samples regardless of ion fluence (Figure 5(e)), despite its slightly higher formation
energy (1.63 — 1.71 eV) than the most stable point defect, i.e., 5|/77|5 Stone-Wales (SW) defect
(1.01 —1.62 €V).%0-86.87 The preferential formation of SVs is due to the high collision cross-section
for Ar-irradiation. Essentially, due to the comparable sizes of Ar and P atoms (covalent radii of P:
1.06 A, Ar: 0.97 A), the incoming Ar ions are able to transfer large part of their kinetic energy to
the phosphorene sheet; this, in turn, causes primary knock-on P atoms to sputter out of the sheet
and form vacancies. The local region around a single missing P atom in the phosphorene sheet
quickly re-organizes to form an SV-5|9 configuration, which is quite stable (and does not convert
into SW-5|77|5). On the other hand, SW-5|77|5 forms in irradiated phosphorene via ring
rearrangement around the P atoms that get displaced from their lattice site without being sputtered,
such as ad-atom complexes or vacancy-interstitial pairs (Figure S2). Consistent with our findings,
previous works show that SVs are prominent in Ar-irradiated graphene as well owing to the high
collision cross-section of Ar radiation.b! This is particularly interesting since the SVs are more
energetically unfavorable in graphene as compared to that in phosphorene (difference in formation
energies between SV and SW in graphene ~3 eV and phosphorene ~0.5 eV).4

Apart from the 5|9 configuration, SV can also exist in 55|66 form in both silicene and
graphene.® In phosphorene, however, the reported formation energy of SV-55|66 is substantially
(~0.37 eV) higher than SV-(5/9),% indicating its lower stability. In fact, SV-55|66 is known to
reconstruct into SV-5|9 even at ambient temperature.*’- 8 Consistent with these reports, we do not
observe any 55|66-SVs in our irradiated or annealed samples. It is interesting to note that the
relative population of SV-5|9 is the highest at low fluence (2.86 x 10'3 Ar/cm?); after annealing
they increase by ~2.8 times. This is understandable since the low fluences of Ar are unlikely to
cause multiple knock-on events in close proximity to each other, which would intuitively favor
formation of isolated SVs. Additionally, most small nanopores/voids formed at low fluences heal
by reconstructing into SV-5|9 upon annealing. Such SVs have been reported to enhance hole
carrier concentration and introduce ferromagnetic character owing to local magnetic moments (~

1.0 pg) induced by dangling bonds.*0- 3% 8 This raises an interesting possibility of using ion-
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bombardment to fabricate phosphorene-based magnetic semiconductor devices. At higher
fluences, collision cascades from multiple knock-on events interact with each other, yielding larger

nanopores, consistent with our findings in Figure 2.
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Figure 5. Distribution of defects in ML-phosphorene after Ar bombardment and their
dynamical evolution during subsequent annealing at 700 K. Relative population of phosphorus
rings of various sizes in phosphorene sheets after irradiation and annealing are shown for three
different Ar fluences: (a) 2.86 x 10'> Ar/cm?, (b) 8.57 x 1013 Ar/cm?, and (c) 1.43 x 10'* Ar/cm?.
We also analyzed the CMD trajectories to determine the number of (d) Single Vacancy (SV-5/9),
(e) Stone-Wales (5|77|5), and (f) Double Vacancy (DV-5|8|5) defects that are generated in the
phosphorene sheet at different fluences of Ar radiation, and formed via reconstruction during post-
radiation annealing treatment at 700 K.

After SVs, the next most populous defect-type in irradiated phosphorene is the most
energetically stable Stone-Wales (SW-5|77|5) defect (Figure 5(d)). These defects are self-
interstitials that form via 90°-rotation of a P-P bond without creating any P vacancy.’* They form
mostly in regions where the collision cascades lose most of their kinetic energy, and consequently,
cannot surpass threshold energy to knock P atoms away from their lattice positions. Their
formation is greatly enhanced during the thermal annealing phase, especially, for low fluence cases

(2.86 x 10'3 Ar/cm?), where the irradiated sample consists of numerous isolated small voids. These

voids undergo atomic reconstruction to form SWs causing a surge in their population, nearly 3
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times compared to that in irradiated samples. Importantly, the formation of the SWs preserves the

planarity of the sheet with a coherent-yet-defective lattice.

Figure 6. Dynamic processes underlying healing of representative small nanopores formed
at low Ar radiation fluences. (a) Atomic snapshot of a representative small nanopore (with
smallest dimension ~4 A), which is generated in the phosphorene sheet exposed to low fluence of
Ar radiation (2.86 x 10'3 Ar/cm?). This nanopore heals completely during annealing at 700 K via
intermediate steps (b-c) involving a series of local re-arrangement of rings, bond rotation, and
formation of new P-P bonds. Such concerted atomic motions eventually result in (d) a coherent
network composed of hexagons, pentagons, and SW-5|77|5 defects.

Argon ion bombardment also introduces a divacancy defect, DV-5|8|583 84 in phosphorene at
all fluences (Figure 5(f)), whose formation energy is close to SV-5(9.40: 83, 86 This defect forms
when the P atom nearest to a SV gets displaced and the consequent four-dangling bonds reconstruct
into a 5-8-5 ring arrangement.3* SVs are known to exhibit fast hopping rates at room temperature
in phosphorene and collide to merge into a DV defect.3% 86 Localized elevated temperatures near
ion-impacts as well as thermal annealing can further enhance the fast diffusion rates of SVs to
assist formation of this low-energy stable DV-(5/8|5) defect. This is clearly reflected in the surge
of population of DVs upon thermal annealing (~10 times) in lowest fluence case despite their

scarcity (~4) in the irradiated structure. The formation of DVs is restricted at higher fluences due

to the pre-ponderance of large nanopores. It is worth mentioning that we also observed a few
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instance of other known types of divacancy defects, namely DV-4|10|4 and DV-5|7|5|7 at fluences
> 8.57 x 103 ions/cm?; notably, DV-4|10|4 does not form in both graphene and silicene.*?

Finally, we track the dynamical evolution of the irradiated sheets during thermal annealing at
700 K to identify the atomic scale processes underlying reconstruction of defects. We find that the
atomic-scale processes underlying structural evolution during annealing is dictated by the
morphology of the irradiated sheet, which, in turn, is determined by the radiation fluence (Figure
2-5). Specifically, our RMD trajectories identify two distinct mechanisms governing relaxation of
the structure upon thermal annealing, namely (a) healing of voids via ring-rearrangement, and (b)
coalescence of nanopores. Healing of voids via ring-rearrangement dominates for sheets irradiated
at low Ar* fluence (2.86 x 10'3 Ar/cm?), which contain isolated islands of small voids (< 80 A2).
On the other hand, coalescence of nanopores is more frequent in sheets irradiated at high Ar
fluence (1.43 x 10'* Ar/cm?), where closely spaced large nanopores (> 1000 A2?) are readily
available.

The small, isolated voids present in irradiated sheets at low fluence contain several under-
coordinated P atoms along the edges (Figure 2); the closest edge P atoms across these voids can
be <5 A apart. Upon annealing, these closely located P atoms (a) form new P-P bonds that stitch-up
the void (b) recover the ideal P-coordination of 3 and (c) induce a series of ring rearrangements
mediated by dihedral rotation around the edges of the voids (Figure 6, Supplementary Movie 1).
Such cooperative re-organization causes the voids to reduce in size or heal completely, similar to
that observed in graphene. Figure 6 highlights the key atomic-scale dynamical events involved in
complete healing of a representative small void ~1.6 nm x 0.4 nm (See Supplementary Movie 1
for the entire trajectory). Initially, in the irradiated sample (at = 0), the void consists of numerous
2-fold coordinated P atoms along the edges (Figure 6(a)), among which two pairs of P atoms,
namely 1-3 and 2-4 are separated by ~4 A. During annealing, the irradiated phosphorene undergoes
extensive rippling induced by thermal fluctuations; the extent of rippling is much higher than that
observed in graphene, consistent with the lower stiffness of phosphorene as compared to other
traditional 2D materials. The pronounced thermal rippling facilitates a wide range of atomic
motion, including bond rotation, angle bending and dihedral twisting, particularly near the edge of
the voids (Supplementary Movie 1). This random thermal motion causes the 1-3 and 2-4 pairs to
eventually come close to each other, within ~2.5 A at ¢ ~ 0.25 ns, resulting in formation of new

bonds between 1-3 and 2-4. The newly formed P-P bonds gradually heal over the next 0.05 ns
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yielding a separation distance ~2.3 A, similar to that in pristine phosphorene (Figure 6(b)). Next,
we observe significant twisting of two dihedrals, namely 5-6-7-8 and 3-1-5-7 whose dihedra angles
change by ~20° (e.g., dihedral angle for 5-6-7-8 changes from ~108° at # =0.28 ns to ~130° at t =
0.32 ns). Such cooperative twisting allows reduction in the separation distance of two P-P pairs,
6-9 and 5-10 from ~3.5 A (¢ = 0.28 ns) to ~2.3 A (¢ = 0.32 ns) to form new bonds; and, in turn,
enable conversion of a void (with 18 corners) into a combination of two new pentagons and a 11-
member ring (Figure 6(c)). Subsequently, twisting of 11-12-10-5 dihedral enables the conversion
of this 11-member ring into a heptagon and hexagon via formation of a P-P between the atoms
labeled 11 and 13 (Figure 6(d)). A series of such cooperative dihedral twisting and bond formation
over the next ~1 ns enables substantial ring re-arrangement to completely heal the void forming a
coherent network composed of hexagons, pentagons, and SW-5|77|5 defects. Once formed, this
defective coherent network composed of a variety of polygons remains stable, as indicated by the
RMD snapshot at ¢t = 4 ns (Figure 6(d)). Our AIMD simulations within the framework of
dispersion-corrected DFT (i.e., DFT +D3) show that a small representative hole (with 3 missing P
atoms; ~6.7 A x 4.5 A) heals to form a coherent network composed of 5--8 membered rings via a
similar mechanism involving a series of well-coordinated bond rotation, angle bending, dihedral
twisting, and ring re-arrangement motions (Supplementary Movie S2, Section S4, Figure S7). This
instills confidence in the long-time healing dynamics illustrated by ReaxFF for small nanopores.
Samples irradiated at high fluences (> 1.43 x 10'3 Ar/cm?) exhibit an entirely different behavior
during thermal annealing due to the preponderance of closely spaced large nanopores (> 300 A2 in
area). In these nanopores, the edge P atoms located at opposite ends are significantly far from each
other (at least 1.5 nm), which precludes formation of new P-P bonds that stitch-up the pore. Figure
7 shows the dynamical events that govern the coalescence of two representative neighboring
nanopores of sizes ~500 A2 (pore 1) and ~950 A2 (pore 2) found in phosphorene irradiated at high
fluence (1.43 x 10'3 Ar/cm?). The smallest and the largest dimensions of pore 1 are 24 A and 34
A respectively; the corresponding sizes for pore 2 are 18 A and 90 A. During thermal annealing,
the thin region (~7 A) between two adjoining nanopores undergoes significant reconstruction to
form non-planar structures composed of 4-fold P atoms and pentagons (Figure 7(b)). As the
annealing proceeds, we observe that the P-centered tetrahedra increase in number at the expense
of pentagons and tend to cluster together into disordered 3D aggregates. This, in turn, causes the

thin region between pore 1 and pore 2 to roll inwards, which eventually results in merging of the
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two nanopores (Figure 7(c), Supplementary Movie S3). Phosphorene morphologies containing

such nanopores could be suitable for applications in chemical separations!# 26,
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Figure 7. Atomic-scale mechanisms underlying coalescence of large nanopores in irradiated
structures at high Ar fluences. (a) Representative snapshot of two large neighboring nanopores
(marked as 1 and 2) that form upon exposure to high fluence of Ar irradiation (1.43 x 10'* Ar/cm?).
These nanopores reconstruct via intermediate steps (b-c) involving formation of 3D networks of
P, tetrahedra (shown in purple) leading to (d) their coalescence.

At intermediate fluences (e.g., 8.57 x 1013 Ar/cm?), the irradiated sheet features a distribution
of defects containing both small voids (< 80 A?) and numerous large nanopores (Figure 2,3). The
small voids heal via mechanism illustrated in Figure 6. We find that the propensity of a void to
heal is dictated by its smallest dimension. If the shape of a given void allows for one of the
dimensions to be smaller than a critical value of ~5 A, ring re-arrangement can occur by a
cooperative atomic motion involving sheet rippling, bond rotation, angle-bending and dihedral
twisting described in Figure 6. Note the size of the other (longer) dimension does not have any
impact on healing, e.g., the representative void shown in Figure 6 with dimensions of ~16 A x ~4

A heals completely even though the longer dimension is more than thrice the critical value. For
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large voids, whose all dimensions are > 6 A, reconstruction can occur only near the edges; although
such reconstructions can reduce the area of the void, it cannot heal the void to completely repair
the lattice locally. Also, these large nanopores are sufficiently far apart (edge-to-edge distance
between closest voids at least ~8 A), which precludes the formation of 3D networks of P-centered
tetrahedra, necessary to facilitate coalescence. Instead, they just undergo edge reconstruction,
which changes their shape and slightly reduces their size. Carefully engineering of the voids
formed at intermediate fluence could find applications in quantum dots and other electronic
devices®’.

We expect our finding of distinct fluence-dependent mechanisms for relaxation of defective
structures during post-radiation annealing (i.e., ring re-arrangement at low fluences, and void
coalescence at high fluences) to remain valid for all ion sizes/mass. Although systematic
investigations of effect of ion size are beyond the scope of this work, the critical fluence values
marking regimes for healing via reorganization of rings or coalescence of nanopores is expected
to depend on the size/mass of the bombarding ion. Similarly, size of bombarding ion will certainly
impact the relative population of the various defects that form during bombardment. For instance,
the significantly smaller size of He as compared to P (covalent radii He: 0.28 A; P: 1.06 A) would
result in a low radiation cross-section. This, in turn, is expected to result in lower sputtering yield
and preferential formation of SW-5|77|5 defects (rather than SV-5|9); similar to previous reports
on ion-bombardment of graphene.5!

Finally, we emphasize that the results reported here are for a free-standing monolayer of
phosphorene, such as those suspended on a TEM grid or over a trench in a substrate. In this case,
the formation, distribution, and evolution of defects are all primarily governed by direct impact of
impinging energetic ions (i.e., argon). The presence of a substrate (e.g., SiO;) in supported systems
introduces additional factors that influence defect production, namely (a) noble gas ions
backscattered from substrate, (b) sputtered atoms from the substrate. Additionally, the substrate
could limit the motion of sputtered target atoms from the 2D material in the downward direction,
which can facilitate recombination of defects (e.g., vacancy-interstitial pairs) and suppress defect
formation.’® Previous CMD/Monte Carlo (MC) simulations of single ion impacts have shown that
defect production can be significantly enhanced by backscattered ions and sputtered atoms from
the substrate, especially for lighter bombarding ions (e.g., helium).>® Substrate effects on the defect

dynamics in 2D materials under multiple ion impacts remains unclear; and is beyond the scope of
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this work. Nevertheless, previous CMD/MC simulations indicate that backscattering is negligible
for heavier ions (such as Argon); and the effect of sputtered substrate atoms on the defect
production is considerably smaller than the direct Ar impacts. 3 Thus, the results presented in this

work for free-standing phosphorene are expected to be relevant for supported systems as well.

4. Conclusions

We employ ReaxFF-CMD simulations to understand the atomic-scale mechanisms that occur
in phosphorene in response to ion radiation within the nuclear stopping regime. Using argon as a
representative bombarding ion source, we found that ion fluence strongly influences (a) defect
production mechanisms, (b) defect dynamics, and (c¢) nature and concentration of defects
accumulated during radiation; as well as (d) structural relaxation during post-radiation annealing
treatment. Specifically, we observe that low fluence of Ar irradiation (< 2.86 x 103 ions/cm?)
yields a fairly ordered planar sheet consisting of isolated small voids, monovacancies, di-
vacancies, and extended topological defects (Stone Wales). Upon annealing, most of the small
voids healed completely to form a coherent lattice (albeit defective) resulting in a substantial
reduction in overall void area (~42%). Our CMD trajectories identify that this healing occurs
through re-organization of puckered P rings, which is facilitated by a series of cooperative atomic-
scale events including thermal rippling, bond formation, bond rotation, angle bending, and dihedral
twisting. The annealed sheet contains isolated monovacancies and Stone Wales defects, which are
known to exhibit exciting functionalities, including enhanced hole carrier concentration,
ferromagnetism, and improved alkali-ion conduction for batteries. As the fluence increases, the
size of the voids increases primarily due to progressively increasing sputtering of phosphorus
atoms. At high fluences (> 1.43 x 103 Ar/cm?), large nanopores (5-10 nm) form that are
sufficiently close to each other (edge-to-edge distance of ~6-7 A). During annealing, these
nanopores coalesce with each other through a mechanism involving formation of 3D networks of
P-centered tetrahedra. Finally, at intermediate fluence levels, we find several voids that are both
large enough (with all dimensions > 6 A) to preclude healing via ring reorganization, and
sufficiently well-separated (edge-to-edge distance from nearest void > 8 A) to inhibit coalescence.
These findings will provide new perspective to optimize ion-beam engineering of phosphorene
based functional 2D materials for applications in nano-electronics, neuromorphic computing,

batteries, and gas separation technologies.
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