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Abstract

Atomistic computer simulations based on analytical potentials are employed
to investigate the response of a hexagonal boron nitride monolayer to irradi-
ation with noble gas ions having energies from 35 eV up to 10 MeV. Prob-
abilities for creating different types of defects are calculated as functions of
ion energy and incidence angle, along with sputtering yields of boron and
nitrogen atoms. The presented results can be used for the optimization of
ion processing of single-layer and bulk hexagonal boron nitride samples and
for predicting the evolution of the material in radiation hostile environments.

Keywords: Hexagonal boron nitride monolayer, Ion irradiation, Defect

1. Introduction

Hexagonal boron nitride (A-BN) monolayer [1, 2] has a honeycomb struc-
ture similar to graphene [3], but alternating boron and nitrogen atoms sub-

stitute for carbon. While carbon atoms are covalently bonded in graphene,
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boron and nitrogen form ionic bonds in ~-BN, so that this material possesses
a gap of about 6 eV [4]. Similar to other wide gap semiconductors, the elec-
tronic and magnetic properties of this material may be governed by defects
present in the lattice [5]. Moreover, if defects could be introduced in h-BN
in a controllable manner, the properties of this material could be tailored,
similar to carbon nanomaterials [6, 37, 8, 9], facilitating the development of
h-BN based devices.

One of the ways of introducing defects in ~-BN is to expose it to energetic
ion bombardment. Thus, the precise microscopic knowledge on the types
and abundance of defects which appear under irradiation is required. It
has been demonstrated however, that the traditional methods for estimating
ion irradiation damage like the TRIM approach [10] fail in targets of low
dimensionality [11] as detailed account of scattering processes at the atomic
level is necessary for correct predictions of the response of nanoscale materials
to ion irradiation. Although production of defects in BN nanomaterials under
electron irradiation [12, 13, 14, 15, 16, 17| and defect characteristics [18,
19, 20, 21] have been studied at length, the atomic scale understanding of
ion irradiation effects in this material is still lacking.

In this article, molecular dynamics simulations are employed to gain quan-
titative information on the probabilities for creating different types of defects
in A-BN single layers under ion irradiation within a wide range of ion energies,
ion species and angles of incidence. This data can be used to select suitable
irradiation parameters when aiming to introduce specific types of defects in
a h-BN target for tailoring their properties with energetic particles, similar

to other nano-materials [22, 23]. Also, the evolution of A-BN in radiation
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Figure 1: (Color online) A schematic illustration of the simulation setup. a) The complete
h-BN system with the heat dissipation area marked in red. b) Definition of the in-plane-
angle ¢ and a distribution of the points of ion impact (the grey triangle). ¢) Definition of
the out-of-plane angle 6.

hostile environment such as open space can be better understood based on

the presented data.

2. Computational Methods

Our molecular dynamics simulations (MD) were conducted using analyti-
cal potentials (AP) to investigate the effects of energetic noble gas ion impacts
on a hexagonal boron nitride monolayer (A-BN). In our AP MD simulations
the interactions between the boron and nitrogen atoms (B-N, B-B, N-N)
were described by the Albe-Moller many-body potential [24, 25|, which is
an analytical Tersoff-type potential fitted to a wide range of ab initio-data.
The potential reproduces well the formation energies of point defects in both
h-BN and cubic boron nitride as compared to ab initio results. The potential
describes the structure and energy of BN polymorphs and clusters as well as
pure nitrogen and boron bonding. It has been previously used in simulations
of bulk h-BN and BN nanotubes, including ion irradiation studies [26, 27, 28|

where good agreement with the experimental data has been observed.



The interaction between the energetic noble gas (NG) ion (He, Ne, Ar,
Kr and Xe) and the target boron and nitrogen atoms (NG-B/N) was de-
scribed using the Ziegler-Biersack-Littmark universal repulsive potential [29].
Throughout this article we use term “ion” for direct analogy with the experi-
ments, although the charge of the incoming atom is not explicitly considered,
as this is beyond the AP MD approach. Besides this, the effects of low charge
states are negligible. The AP MD method is computationally efficient enough
for collecting a data set with statistically meaningful results for the compli-
cated parameter space of this study. Overall, our simulation setup is similar
to what was used in Ref. [11] for graphene irradiation simulations.

The effects of electronic stopping on defect production was not taken
into account in our simulations. Although loss of kinetic energy of the ion
through inelastic collisions with target electrons is generally the dominant
energy loss mechanism at high ion energies, it has been demonstrated that
even at electronic stopping values of 17 keV /nm no structural modifications
are introduced to A-BN [30, 31]. Electronic stopping for all the ion-energy
combinations considered in this article are well below this value, with a max-
imum value of 4 keV/nm for 10 MeV Xe and average value more than an
order of magnitude less at all energies considered. Nevertheless, one can
expect that the actual number of defects should be somewhat higher than
predicted by our simulations, as a combination of ion-ion collisions and elec-
tronic excitations may give rise to additional defects [32].

A schematic illustration of the simulation setup is presented in Fig. 1. The
target system, consisting of 400 B and 400 N atoms, is shown in Fig. 1(a).

The impact points for ion irradiation were randomly selected within the min-



imum irreducible area of the lattice, Fig. 1(b) near the center of the system.
Dissipation of heat waves created by the ion impact was simulated using the
Berendsen thermostat [33] at the system edges with A7 = 10 fs and target
temperature 0 K. Adaptive time step, implemented in the simulation code
PARCAS [34], was used in the simulations. Within this approach, the time
step is determined based on the fastest moving particles in the system, result-
ing in timesteps ranging from attosecond scale to nearly one femtosecond.
One picosecond after the ion impact, the resulting structure had typically
reached a local energy minimum. Because the simulation times are too short
for the structure to find the most stable local configuration, we heated the
system for another picosecond, following the stimulated annealing approach
we used in other simulations [35, 36]. This facilitates further relaxation to
allow removing at least the metastable structures with high potential energy.
However, this annealing step did not significantly alter the results.

One set of simulations was carried out with all the incoming ions coming
in with trajectory perpendicular to the sheet (~ 150000 runs). Another set
of simulations for examining the role of the angle of incidence was conducted
varying the in-plane angle ¢ € [0°,360°] (Fig. 1b) and out-of-plane angle 0 €
[0°,88°] (Fig. 1c). The angles ¢, # and impact points were chosen randomly
and independently of each other. A total of ~ 1,000,000 simulations were
run to gather adequate statistics.

In order to check our model, we calculated the displacement threshold
energies for boron (T'F) and nitrogen (7)) and compared them to the re-
sults obtained by first-principles simulations. T; can be defined as the min-

imum kinetic energy that must be delivered to an atom due to the impact



of an energetic particle, in order for the atom to leave its position in the
atomic network and either take a metastable interstitial position in the lat-
tice or leave the system. The following displacement thresholds were ob-
tained: TfAPMD =17.98 eV and TéYAPMD = 21.49 eV, which are close to the
results obtained by density-functional-theory MD: T.?;pp = 19.36 €V and
T ppr = 23.06 eV Ref. [16]. The data are in a very good agreement taking
into account the different level of sophistication of these two methods. Be-
cause the displacement threshold is the most important factor governing de-
fect production under irradiation, and the utilized BN potential reproduces
well the defect energetics [24], one can expect that the AP MD approach
gives not only a qualitatively but also quantitatively good description of the

simulated processes.

3. Results and Discussion

3.1. Ion trajectory perpendicular to the h-BN sheet

Having carried out AP MD simulations with sufficient statistics, we started
the analysis of the results by calculating the average sputtering yield of B
atoms, the average sputtering yield of N atoms and the sum of these two for
all the ions as a function of ion energy, Fig. 2(a,b and c¢). Similarly to the
case of graphene [11], sputtering yields first increase with energy until a peak
value is reached, after which the yields decrease with increasing energy. This
behavior can be explained by binary collision kinetics resulting in the drop of
the cross section for defect production at high energies [38]. Due to conser-
vation of energy and momentum, a low energy ion needs to hit a target atom

almost head-on for sufficient momentum transfer to occur. With increasing
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Figure 2: (Color online) Numbers of sputtered atoms and probabilities for defect forma-
tions in a h-BN sheet after impacts of ions with a trajectory perpendicular to the sheet.
a) Average number of sputtered B atoms on a single ion impact for He, Ne, Ar, Kr and
Xe ions as a function of energy. b) Average number of sputtered N atoms. c¢) Average
number of any sputtered atoms. d) Average size of a defect created under an ion impact.
Probabilities of creating a single B vacancy (e), single N vacancy (f), any single vacancy

(g), double vacancy (h), and complex vacancy (i) with a single ion impact.



ion energy ion trajectories further from the target atom lead to ejection (cor-
responding to T > TP or T > T¥). After the peak value is reached the
high velocity of the ion starts to decrease the sputtering probability as the
duration of the ion-target atom interaction diminishes, leading to a require-
ment of a very close by trajectory of the ion to a target atom for the force
of interaction to be strong enough to facilitate target atom sputtering.

To facilitate the analysis of the simulation data and to obtain a deeper un-
derstanding of defect production under ion irradiation, the defect structures
produced by ion impacts were divided into four categories (single vacancies,
double vacancies, complex vacancies and local amorphous areas), as described
below. With low energies single vacancies (SV, exactly one atom missing from
otherwise intact system) dominate as in carbon nanomaterials[39], Fig. 2(e, f
and g), as the ion can barely displace one atom. With increasing ion energy
(Kion=0.1...10 keV), the ion can directly displace two target atoms creat-
ing double vacancies (DV, two atoms missing from otherwise intact system)
at the expense of SVs. As ion energy gets even higher, the high velocity
ion cannot pass close enough to more than one atom to displace it and dis-
placement cross section correspondingly decreases. This leads to diminishing
probability of DV creation and again increasing probability of SVs.

At low to medium energies (<~10keV), collision kinetics leads to recoil
angles of the target atoms mostly out of the ~-BN plane. Due to this, recoiled
atoms leave the target system without creating further damage, as is evident
from the abundance of SVs and DVs at these energies. However, as the ion
velocity becomes higher, the time of interaction between a target atom and

the fast ion becomes very short leading to the target atom being in practice



immobile during the interaction. Thus, for an ion trajectory perpendicular
to the sheet, the interaction is nearly symmetric in the out-of-plane direction,
which leads to target atoms recoiling close to the in-plane direction. This
results in complex vacancy (CV, one or more atoms missing, but not SV or
DV) structures becoming the dominating defect type, Fig. 2(i). The increase
in average defect size in terms of lost perfect hexagonal BN-rings is displayed
in Fig. 2(d). However, we stress that collision cascades in 2D are rare events
as compared to 3D collision cascades typically observed in bulk materials
(note the changed y-axis scale in Fig. 2(i).

When an atom is displaced from the h-BN structure, it is possible that
it gets bonded to a neighboring atom and is not ejected from the system,
but becomes an ad-atom or part of a reconstructed non-hexagonal structure.
This results in formations of defect structures where no atoms are missing,
categorized as amorphizations. At low ion energies the recoiled atoms have
barely enough energy to escape the system and some of them get stuck to
their nearby neighbors. At high ion energies the recoil angles are close the
the ~-BN plane and the recoiled atoms interact with many other target atoms
leading to increased probability of getting stuck as an ad-atom or as a part of
a reconstructed structure. At all energies the probability for the appearance

of an amorphous structure is less than 5%.

3.2. Oblique 1on trajectories

When the angle of ion incidence is tilted away from the normal direction,
the parameter space needed to be mapped grows considerably. In Fig. 3,
probabilities for creation of the different defect types are presented for all the

used ion types and energy ranges and selected out-of-plane angles . Each

9



1~Single B vacancy 1 ~Single N vacancy 1 -Single vacancy 1-Double vacancy 1 -Complex vacancy1 - Amorphization

£08- He 208 - He £08 - He £08 He £08 He £08 He
506} 06 506 506} 506 506}
04} 04 0.4 41 04} 04}
02 02 02 2+ 02 02
[} 0 [}
2 2 2
7 et G
8 =0 10000="g 100 0=~ pre==0g 10000
1 K (keV) 1- K (keV) 1- K (keV)
£08 - Ne 20.8 - Ne .8 Ne
06 06 -
04 041 41
02 02} 21
0 0 [}
2 2
7 o4 =
& 10000 >®! e =52-10000
]
1 r K (keV)
208 - Ar
gos -
£0.4 -
0.2

10000

VLR
n§§§
:
=]

7100 ]
1 K (keV) - K (keV)
08~ Kr .  Kr
06 . -
04 . n
02 0. 2|
0
2
o4 2
> —0 100! > ——750 10000
1r- K (keV) r K (keV)
208 - Xe 0.8 - Xe
06 0.6 -
04 0.4 -
02 0.2 -
0 0
2 2
7 r
e =100 - 700 10000
K (keV) K (keV)

Figure 3: (Color online) Defect creation probabilities in 2-BN monolayer under ion irradi-
ation as a function of angle of incidence 6 and kinetic energy of the ion (K), with defects
categorized as single vacancies, double vacancies, complex vacancies and amorphous re-

gions.



data point is averaged over all in-plane angles ¢ (~ 1000 runs per datapoint).

As evident from Fig. 3, changing the angle of incidence has a dramatic
effect on defect production. As a general trend, the more the ion trajectory
is tilted, the larger the created defects are, with complex vacancies being the
overwhelmingly dominating defect type at 6 > 45°.

Another feature is the shifting of the defect production maxima towards
higher energies with increasing out-of-plane angle. The tilting of the ion
direction counteracts the diminishing effect of increasing ion velocity to defect
production probability as the projected atomic density of the target in the
ion direction grows with increasing 6.

At moderate angles and high energies the probability of creating a com-
plex vacancy decreases. This can be attributed to the fact that at high ion
velocities the recoiled atoms move in direction perpendicular to the direc-
tion of the velocity of the ion as was explained earlier. At normal angle of
incidence this perpendicular direction is the in-plane direction of the target
sheet, leading to complex defects through collision cascades. As the beam is
tilted, the perpendicular direction becomes out-of-plane (barring two distinct
directions still in-plane). Hence a large portion of the recoiled atoms escape
the system without creating any further damage.

As evident from the presented data, varying the angle of ion incidence
can have a high impact on the defect production probabilities in h-BN. This
information can be of great use when designing new experiments on e.g.

cutting of h-BN with a focused ion beam.
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4. Conclusions

The aim of this study was to gain a comprehensive picture of defect
production in hexagonal boron nitride monolayer under energetic ion bom-
bardment. As this information is not accessible through the standard meth-
ods (like TRIM) for estimating defect production under ion irradiation due
to the low dimensionality of the target, molecular dynamics simulations of
the impact events were conducted for a wide range of ion energies K €
[35 eV, 10 MeV], species (He, Ne, Ar, Kr and Xe) and angles of incidence
6 € [0,88°]. Approximately one million impact events were simulated in
order to gain good statistics.

The produced defects were divided into four categories (single vacancies,
double vacancies, complex vacancies and amorphizations). For ion direction
perpendicular to the h-BN sheet, single vacancies (both B and N) were found
to be the dominant defect types at a wide energy range (up to ~ 100 keV for
the heavier ions). The double vacancy probability maximum is located at the
intermediate energies (~ 0.1 — 1.0 keV) reducing correspondingly the single
vacancy probability. Complex vacancies dominate at high energies, with
ultimately decreasing probabilities for ion energies in the MeV range. When
the ion beam is tilted, the ratio between larger and smaller defects is altered.
Amorphizations (modified morphology with no missing atoms) remain quite
rare within the whole parameter space considered. This can be attributed to
the binary structure of the target material and instability of bonds between
atoms of the same species, which effectively inhibits reorganization of the
structure without removal of atoms.

The presented data can be used for estimating the effects of ion irradiation

12



in a hexagonal boron nitride monolayer under specific experimental condi-
tions in terms of types of defects produced as well as number of sputtered
target atoms and average sizes of defects produced. From another point of
view, the fact that the probabilities of creating different types of defects reach
their maxima at different ion energies implies that selectivity in produced de-
fect types can be achieved through adjusting the ion irradiation parameters
based on the presented data, which is an important result if engineering of
h-BN nanosystems is to be conducted using ion irradiation.

Overall, we showed that unlike in a conventional three dimensional bulk
target, the total number of displaced atoms from A-BN sheet is not a monotonous
function of ion energy. The total number of defects does not necessarily in-
creases with ion energy in such a two-dimensional system, contrary bulk
solids. Moreover, deviations from the predictions of simple Kinchin-Pease-
type model [40] should be expected due to the reduced dimensionality of the
system and lower probability for the development of collisional cascades. We
also demonstrated that by tilting the sample, more control over the damage
production during ion irradiation can be achieved in addition to simply se-
lecting the ion energy. This is especially important when ion beam processing
is carried out under conditions where ion energy cannot be freely selected,

e.g., in a fixed-energy focused ion beam system.
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