
Molecular dynamics modeling of defect formation in many-layer
hexagonal boron nitride

Kelly A. Stephani a,⇑, Iain D. Boyd b

aDepartment of Mechanical Science and Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, United States
bDepartment of Aerospace Engineering, University of Michigan, Ann Arbor, MI 48109, United States

a r t i c l e i n f o

Article history:
Received 9 November 2014
Received in revised form 27 August 2015
Accepted 9 October 2015
Available online 22 October 2015

Keywords:
Ion irradiation
Ceramics
Point defects
Molecular dynamics

a b s t r a c t

Molecular dynamics simulations are conducted to examine lattice defect formation in a hexagonal boron
nitride lattice by high-energy xenon ion impact. This work seeks to characterize the production of defects
which occur under ion irradiation. Lattice defect formation is first examined in single-layer hexagonal
boron nitride. Energetic xenon ions over a range of 10 eV–10 keV are used to randomly impact the central
lattice at an angle of 90� (orthogonal to the lattice basal plane). The resulting defects are analyzed for
5000 ion impacts, and results are reported for average single and double vacancy formation per impact.
A similar study is conducted for a many-layer hexagonal boron nitride lattice, to assess the influence of
additional layers in the formation of point defects as a function of incident ion energy. Ion impacts at both
90� and 45� are examined. The defects formed in the top layer of the many-layer lattice are qualitatively
similar to the single layer results, but the presence of the bulk lattice is found to reduce the single vacancy
probability in the top-most layer. Point defects are prominent in the lattice sub-layers with increasing ion
energy. Orthogonal ion impacts are found to cause the most damage, as measured by the number of
vacancy defects produced; the number of vacancies increases linearly with energy, while the number
of defects in the oblique impact configuration reaches an asymptotic limit with increasing energy.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

As a wide gap semiconductor, hexagonal boron nitride (h-BN) is
a desirable candidate material for a broad range of applications,
from h-BN-based nano-devices to wall materials for Hall thrusters.
The effectiveness of h-BN as an electrical insulator, and its overall
thermal and electrical properties, is achieved in part by the strong,
in-plane ionic bonding of the planar lattice structure. The presence
of defects, either in the form of impurities or vacancies, modify the
intrinsic properties of the lattice [1–8]. Lattice defects in general
may be introduced in a controlled way to tailor the material prop-
erties, or they may be an undesirable consequence of exposure to
environmental factors such as radiation, surface reactions or gas/
plasma-surface interactions.

This work employs molecular dynamics simulations to charac-
terize the formation of defects in many-layer h-BN due to impact
of Xe+ over a range of incident ion energies. Previous studies exam-
ined defect formation in h-BN due to electron irradiation [9,10] as
well as ion impact [11,12] leading to material sputtering. The

molecular dynamics study by Lehtinen et al. [11] in particular
establishes a general trend of ion impact energy and angle of inci-
dence with the type of defect introduced in a h-BN monolayer. This
work aims to extend such studies to many-layer h-BN, in efforts to
establish a connection between irradiation processing parameters
and characteristic lattice defects in bulk h-BN materials. These
details are best captured with molecular dynamics, while approx-
imate BCA methods such as TRIM, may be better suited for surface
phenomena.

2. Computational model

The lattice system under consideration is a 10-layer h-BN mate-
rial comprised of an in-plane hexagonal structure with alternating
boron (B, green) and nitrogen (N, blue) (Fig. 1). The basal plane is
oriented in the x–y direction, with an equilibrium interlayer spac-
ing of 3.245 Å (Fig. 1(a)). The impacting ion is introduced above the
material surface (in the þz-direction) and strikes the top-most
layer with an orthogonal (90�) or oblique (45�) angle of incidence
(Fig. 1(b)). The edge of each layer is treated with a Berendsen
thermostat boundary condition (Fig. 1(c)) with a target tempera-
ture of 0 K. The xenon ion is positioned above the lattice plane so
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as to impact the top-most layer within the minimum irreducible
area of the central hexagonal structure [11]. The exact impact loca-
tion is selected randomly for each ion impact within the shaded
gray triangle shown in Fig. 1(c).

The molecular dynamics simulations are performed using the
HOOMD-blue solver [13,14]. The Albe-Möller many-body analyti-
cal potential [15] is used to model the interactions between the
boron and nitrogen atoms in the lattice (B–B, N–N, B–N). The
Albe-Möller potential is a Tersoff-like bond-order potential fitted
from ab initio data that accounts for bond influences by neighbor-
ing atoms, including bond lengths and angles. Interactions involv-
ing the incident ion (Xe–B, Xe–N) are modeled using the purely
repulsive Ziegler–Biersack–Littmark interaction potential [16]. It
is assumed that the xenon ion is neutralized by a surface electron
prior to impact, which has a negligible influence on the impact
dynamics for low-charge ions and is not modeled here.

An adaptive simulation time step ranging from Dt = (0.1 fs–1 as)
is used to capture the collision dynamics involving the shortest
timescales in the system. The second-order velocity-Verlet scheme
is used for time-integration, and simulations are run for approxi-
mately 1 ps after the impact. This ensures that any defect configu-
rations have reached an energy minimum, and any material
sputtered out-of-plane has time to leave the system. Each ion
impact is simulated with a pristine h-BN lattice shown in Fig. 1
(b), and the post-impact systems are then analyzed for defects in
a post-processing routine. The defect statistics reported at each
ion energy correspond to 5000 independent ion impacts as out-
lined above.

3. Results

Defects produced by a single ion impact are characterized
according to the number of atoms displaced from their position
in the lattice. Although a variety of complex defects can be classi-
fied, the results presented here focus on single (B/N) and double
(B–N) vacancy defects and the subsequent interstitial defects intro-
duced as a result of these vacancies. A single vacancy is defined as a
point defect in which one atom is removed completely from its lat-
tice position. A double vacancy is a defect in which two neighbor-
ing atoms are removed completely from their lattice position. The
results outlined in the next sections present a validation study
against single-layer irradiation results by Lehtinen et al. [11], and
results from the many-layer studies are analyzed and discussed.

3.1. Defect formation in h-BN monolayer

Simulation results from the monolayer study are presented first
and compared against vacancy probability per ion impact reported

by Lehtinen et al. [11]. Fig. 2(a) presents the probability of single
vacancy formation as a function of ion energy involving orthogonal
(90�) impacts, and double vacancy probabilities are presented in
Fig. 2(b). The results from the present study are represented by
the open circles. The first peak in single point defects corresponds
to ion energies of approximately 300 eV, when the incident ion has
sufficient energy to displace the target atom. As energy increases,
the incident ion has sufficient energy to displace a pair of atoms
from the lattice, resulting in a peak in the probability of a double
vacancy defect. Increasing the incident ion energy further reduces
the effective cross section of the ion/target atom interaction, and a
second peak appears in the single vacancy probability for energies
above 1 keV at the expense of double defect formation. This varia-
tion in defect probability with ion energy is in very good agree-
ment with the results by Lehtinen et al. (filled circles) [11].

3.2. Defect characteristics in many-layer h-BN

A similar analysis is conducted for single-ion impacts in a 10-
layer h-BN slab. In order to analyze the complex defects formed
by the collision cascade, the post-collision lattice is effectively
deconstructed and analyzed as individual layers. The top-most
layer (which interacts first with the incident ion) is referred to as
layer 10, and the sublayers are numbered sequentially with layer
1 at the bottom. The single and double vacancy probability values
from the top-most layer (red symbols) are compared to the mono-
layer results in Fig. 2(a) and (b). The general trend of the single
vacancy formation (double-peak in probability as a function of
energy) is very similar to the monolayer results. However, the
additional sublayers are found to reduce the peak probability of
single vacancy formation, at ion energies of 100–150 eV and above
1 keV (Fig. 2(a)). The double vacancy probability as a function of
ion energy (Fig. 2(b)) is largely unaffected by the presence of the
sublayers.

Fig. 3(a) and (b) show the many-layer h-BN lattice in the region
near the impact site for a representative orthogonal ion impact at
500 eV, before and after impact. The intact lattice atoms are shown
in light blue, and the colored atoms (with target atom shown in
pink in the top layer) correspond to point vacancy sites formed
after the collision cascade, which produce corresponding intersti-
tial defects in the post-impact lattice (3(b)). The most prominent
defect in layer 10 is a double (B–N) vacancy, and these atoms sub-
sequently collide with atoms in the underlying sublayers. The
effective collision energies of the subsequent secondary and ter-
tiary interactions are reduced, owing to nuclear stopping and pho-
non excitation, and the maximum damage in this sample case is
found in the eighth layer (indicated by four vacancy defects in pur-
ple) below which the xenon atom imparts minimal damage.

(a) Lattice struc-
ture of h-BN

(b) Ion impact incidence
(90◦/45◦) relative to basal
plane of 10-layer lattice

(c) Edge thermostat bound-
ary condition and ion impact
region (shaded triangle)

Fig. 1. Simulation setup of h-BN lattice under Xe+ ion irradiation. (a) Lattice structure of h-BN. Boron (green) and nitrogen (blue) form intralayer ionic bonds, with relatively
weak van der Waals interlayer forces. (b) Ions are introduced above the lattice (single- or 10-layer) and impact at 90� or 45� relative to the basal plane surface normal. (c)
Layers treated with edge thermostat boundary condition, and ions impact in center of lattice. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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