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First-principles study of the eﬀects of mechanical strains
on the radiation hardness of hexagonal boron nitride
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We investigate the strain eﬀect on the radiation hardness of hexagonal boron nitride (h-BN) monolayers
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using density functional theory calculations. Both compressive and tensile strains are studied in elastic
domains along the zigzag, armchair, and biaxial directions. We observe a reduction in radiation
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hardness to form boron and nitrogen monovacancies under all strains. The origin of this eﬀect is the
strain-induced reduction of the energy barrier to displace an atom. An implication of our results is the
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vulnerability of strained nanomaterials to radiation damage.

1

Introduction

Characterization of atomic structures experimentally may be a
challenging task for two-dimensional nanomaterials which are
only a single atomic layer thick. High-resolution transmission
electron microscopes1–5 and scanning transmission electron
microscopes6 are usually used to image atomic structures of
two-dimensional nanomaterials. To gain a higher resolution,
electron beams with shorter wavelengths are needed to illuminate a specimen and produce a magnied image. The energetic
electrons may knock out the atoms of the material under
investigation and cause “controlled radiation damage”. Radiation-induced structural damage thus limits the use of electron
microscopes (EM) at high resolutions.
Due to monatomic thickness, 2-D nanomaterials are subject
to strains under operating conditions. For example, there are
strains due to mismatch of lattices or surface corrugation due to
the presence of a substrate.7,8 It has been shown that the strain
can substantially aﬀect the band gaps of 2D nanomaterials, and
strain can be used to engineer properties of such materials.9–11
This is especially of importance to the application of 2D nanomaterials for the next generation of electronic devices, such
as high frequency eld-eﬀect transistors,12 graphene-based
spintronics,13 ferromagnetics,14 antiferromagnetics,15 nanowaveguides,16,17 and nanoelectronics.7 However, strain engineering of the controlled radiation damage has not yet been
well studied.
In this paper, we focus on the study of hexagonal boron
nitride (h-BN) – a highly promising 2-D nanomaterial. The h-BN
monolayer has a honeycomb lattice structure similar to graphene,18 but with a large band gap of 3–6 eV.19–23 It is chemically
inert, with a high thermal conductivity and resistance to
Department of Mechanical, Aerospace and Nuclear Engineering, Rensselaer
Polytechnic Institute, Troy, NY 12180, USA. E-mail: qpeng.org@gmail.com

This journal is ª The Royal Society of Chemistry 2013

oxidation. In recent years, h-BN has been widely applied to
micro- and nano-devices, such as insulators with high thermal
conductivity,18 ultraviolet-light emission in optoelectronics,24–28
high-temperature lubricants,29 and nano-llers in high strength
and thermal conductive nanocomposites.30,31 Recent research
has shown that a tunable band gap nanosheet can be constructed by the fabrication of hybrid graphene–h-BN structures,
which opens a new venue for research to the application of
h-BN in electronics.23,32,33
In a previous study of h-BN monolayers,34 we have noted a
nonlinear elastic response prior to mechanical failure around
a strain of 0.24. Kim et al. studied controlled radiation
damage and edge structures in h-BN membranes and showed
that h-BN is more resistant to the electron beam irradiation at
80 kV than graphene.35 Holmstrom et al. studied carbon
nanotubes, graphene, and Si nanowires under irradiation
using combined analytical molecular-dynamics and densityfunctional theory simulations.36 They reported reduction in
radiation hardness with increase in tensile strain explaining
this as a result of displacement of atoms to the volume as
interstitials. However, this did not clarify how compressive
strains would aﬀect radiation hardness and the corresponding mechanism.
The goal of our present work is to study strain eﬀects on the
radiation hardness of h-BN monolayers using ab initio density
functional theory calculations. The threshold displacement
energy to form h-BN monovacancy congurations is evaluated
at both compressive and tensile strain states with three
diﬀerent strain modes. The remainder of the paper is organized
as follows: the theory and computational method including
simulations of controlled radiation damage and ab initio
density functional theory are introduced in Section 2, with
Results and discussions in Section 3, followed by Conclusion in
Section 4.
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2

Computational method

2.1

Controlled radiation damage

Atoms in the h-BN monolayer may be knocked out by electron
beams and leave vacancies at the boron or nitrogen sites. The
minimum amount of energy that is transferred from the kinetic
energy of the electrons to knock out an atom is referred to as
threshold displacement energy Ed (TDE), a characteristic of the
radiation hardness of a material. The TDE can be measured
experimentally by utilizing electron irradiation sources to
produce isolated point defects (vacancies and interstitials).
Optical spectroscopy and transmission electron microscopy are
two techniques used to measure the TDE.37 Optical spectroscopy
can uniquely monitor the behavior of a particular defect (e.g.,
anion vacancy for example). The drawback of this technique,
however, is that the signal may not be visible unless displacement damage occurs.38 In situ measurement techniques, such as
transmission electron microscopy, are used to monitor defect
cluster formation or amorphization. Since it is generally
assumed that visible damage requires displacement of defects
from all of the sub-lattices, the TDE of only the most massive
atomic species may be measured accurately using such techniques.39 In contrast to experimental techniques, the advantage
of simulation is the ability to compute the TDE for all atoms. In
our present work, we employ simulation techniques to determine the TDE to form monovacancies in h-BN monolayers.
The likelihood of radiation damage caused by an incoming
electron beam is quantied by a radiation damage crosssection, a quantity dependent on the energy of incoming electron beams and the TDE of studied materials. The radiation
damage cross-section for isotropic knock-on radiation damage
for a deformed system with a Lagrangian strain of h can be
calculated as:40




Z2 e4 1  b2 
t  1  b2 ln ðtÞ þ pZab 2t1=2 ln ðtÞ  2 ;
shd ¼
16p30 2 m0 2 c4 b4
(1)
where Z is the atomic number of the displaced atom, e is the
electron charge, m0 is the electron mass, 30 is the dielectric
permittivity of free space, c is the speed of light, a is the ne
structure constant, and b ¼ v/c with v the speed of electrons in
electron beams, whose energy is E. According to the theory of
relativity, b is calculated as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
m0 c2
b¼ 1
:
(2)
E þ m0 c2
In eqn (1), t ¼ Tm/Ehd, where Tm is the maximum transferred
energy in a scattering event given by:
E þ 2mc2

Tm ¼
1þ

ðM þ m0 Þ2 c2
2ME

;

(3)

where M is the atomic mass of the displaced atom. Ehd is the
displacement threshold energy2,41 for a deformed system with a
strain of h, which is a minimum amount of kinetic energy
needed to displace the atom away from the original site
permanently.
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Molecular dynamics simulations are normally used to estimate Ehd by simulating radiation-induced displacement cascade
processes.2,41 However, such computations may overestimate
the threshold displacement energies.35 In our research, the
relative change of the radiation resistance to diﬀerent strains
for h-BN materials is the major concern. For this, a static
approach35 can be used to estimate Ehd, which can be regarded as
the lower bound of the threshold displacement energies:
Ehd ¼ Ehv + Ea  EhBN,

(4)

where Ehv is the total energy of the system under strain h with the
vacancy v, Ea is the energy of the displaced single atom in a cube
with a side length of 15 Å, and EhBN is the total energy of the
system under strain h without any vacancy.
2.2

Density functional theory calculations

We used a system in which the supercell contains 112 lattice
sites in one plane to model the h-BN monolayer with dimensions 17.601 Å  17.421 Å. The x axis (direction 1) is along the
zigzag direction and the y axis (direction 2) is along the
armchair direction. In such a conguration, the deformations
along the two directions are similar. Periodic boundary conditions were applied along the x and y directions. The dimensions
of the supercell were selected to ensure that the interactions
between the vacancies and their self-images were negligible.
Due to anisotropy of their atomic structure, h-BN monolayers
exhibit diﬀerent mechanical properties along diﬀerent spatial
directions. Therefore, we applied uniaxial strains along the
zigzag (z), armchair (a), and biaxial (b) directions in the plane of
the nanostructure. Both compression and tension were
considered. We studied the system response under Lagrangian
strains ranging from 0.1 to 0.1, with an increment of 0.02 for
each step. This range was selected so that deformations were
within the elastic domain. The strains were applied by changing
the domain size while keeping the number of atoms
unchanged. The initial positions of all atoms at the strained
states were homogeneously rescaled according to the applied
strain. The structural optimization was achieved by minimization of the total energy using the conjugated gradient method.
DFT calculations were carried out with the Vienna Ab initio
Simulation Package (VASP),42 which is based on the Kohn–Sham
Density Functional Theory (KS-DFT)43 with the generalized
gradient approximations as parameterized by Perdew, Burke and
Ernzerhof (PBE) for exchange–correlation functions.44 The electrons explicitly included in the calculations are the (2s22p1) electrons of boron and (2s22p3) electrons of nitrogen. The core
electrons (1s2) of boron and nitrogen were replaced by the
projector augmented wave (PAW) and pseudo-potential
approach.45 A plane-wave cutoﬀ of 400 eV was used in all the calculations.The calculations were performed at zero temperature.
The atomic structures of all the deformed and undeformed
congurations were obtained by fully relaxing a 112-atom-unit
cell. The criterion to stop the relaxation of the electronic degrees
of freedom was set by the total energy change to be smaller than
0.00001 eV. The optimized atomic geometry was achieved
through minimizing the Hellmann–Feynman forces acting on
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each atom until the maximum forces on the ions were smaller
than 0.01 eV Å1.
The irreducible Brillouin Zone was sampled with a gammacentered 5  5  1 k-mesh, ensuring the energy convergence to
1 meV, reducing the numerical errors caused by the strain of the
systems. The initial charge densities were taken as a superposition of atomic charge densities. There was a 15 Å thick
vacuum region to reduce the inter-layer interaction to model the
single layer system. To eliminate the articial eﬀect of the outof-plane thickness of the simulation box on the stress, we used
the second Piola–Kirchhoﬀ stress34 to express the 2D forces per
length with units of N m1.

3

Results and discussion

3.1

Elastic response

The lattice constant of the equilibrated h-BN monolayer in the
strain free state was found to be 2.512 Å, which was in good
agreement with the experiment (2.51 Å).46 When strains were
applied, all the atoms were fully relaxed within the plane.
The second P–K stress versus Lagrangian strain relationships
of the three strain modes are shown in the top panel of Fig. 1. For
mode z, the stress in the zigzag direction (Sz1) increases from
42.8 to 20.4 GPa. Due to xed boundary conditions, the stress in
the armchair direction (Sz2) is not zero, but is small compared to
Sz1, increasing from 7.2 to 6.3 GPa. The stress–strain relationships in mode a are very similar to those in mode z, indicating
isotropic mechanical properties in h-BN monolayers. It should be
noted that although mass density diﬀers along the lines in the
zigzag and armchair directions, Sz1 and Sa2 show similar
responses to applied strains. This could be explained by the
energy changes that are averaged by the cross-sectional area
perpendicular to the uniaxial strain direction. For the same
reason, Sz2 and Sa1 act similarly to applied strains. In the case of
tension where strain h > 0, Sz1, Sa2, and Sb1 all respond similarly,
while it is not true for h < 0. The direction dependent stress–strain
responses are a result of anisotropy of the h-BN atomic structure.
The asymmetrical stress–strain curves around zero strain reect
the anharmonic responses to compression and tension.
It was found that the system's energy increases when strain
is applied. Here we dened the total strain energy as Es ¼ (Etot 
E0), where Etot is the total energy of the strained system, and E0
is the total energy of the reference state which is strain-free. Es
responds similarly to the uniaxial strain in the z and a directions, but the increase is greater in biaxial straining (Fig. 1). For
small strains, a factor of two is held as expected. Es is asymmetrical for compression (h < 0) and tension (h > 0) for all three
cases. Es deviates from the quadratic relationship with h beyond
a strain of 0.04 in the three tested deformations.
The two-dimensional Young's modulus is dened as
1 v2 Es
Y2D ¼
, where A0 is the equilibrium surface area at a
A0 vh2 h¼0
1
strain-free state. This quantity is computed as Y2D
h-BN ¼ 301 N m .
47
If we take the interlayer separation as 3.3 Å, the corresponding
three-dimensional Young's modulus is Y3D
h-BN ¼ 0.99 TPa.
This result is in agreement with the experiment Y2D
h-BN,exp z 220–
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Fig. 1 Stress–strain responses, geometries, and strain energies for uniaxial
strains in the armchair a and zigzag z directions, and biaxial b strains for (top)
pristine h-BN, (middle) B-vacancy (VB), and (bottom) N-vacancy (VN) systems.

510 N m1, which is obtained for few-layered h-BN.48 Compared
1
to graphene, (Y2D
experimentally49), the stiﬀG ¼ 340  50 N m
ness of h-BN is smaller (89%) but still remarkably high.
A similar study was performed for B-vacancy (VB) conguration (Fig. 1, middle). The stress in the zigzag direction (Sz1)
increases from 38.8 to 19.2 GPa, and Sz2 from 7.4 to 6.2 GPa.
Nanoscale, 2013, 5, 695–703 | 697
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Sb1 varies from 56.7 to 21.3 GPa within the strain range, which
slightly diﬀers from Sb2 which varies from 58.7 to 21.3 GPa.
The Es values of VB are quite similar to those of ideal h-BN. The
1
two-dimensional Young's modulus is Y2D
VB ¼ 273 N m , smaller
than that of the pristine h-BN. The inset is the geometry of a
single hexagonal ring in the strain-free state. The zoomed-in

Paper
geometry plots around the vacancy illustrate the strain status in
these three deformation modes. For uniaxial strain along the
zigzag direction, under a compressive strain of hz ¼ 0.1, the
two N atoms are pushed together to form a N–N bond, with a
bond length of 1.444 Å. For a tensile strain of hz ¼ 0.1, the two N
atoms in the previous N–N bond are 3.46 Å apart.

Fig. 2 Contour plot of the von Mises atomic strains of the conﬁgurations under the 0.1 global strains. The VB counterparts under three deformation modes are (a)
armchair, (c) zigzag, and (e) biaxial. The VN counterparts are (b), (d) and (f). The black circles denote boron atoms and the red hexagons denote nitrogen atoms.
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Similar stress–strain relationships and elastic energy curves
are observed in the N-vacancy conguration (Fig. 1, bottom).
For example, Sz1 increases from 41.8 to 19.2 GPa within the
strain range and Sb1 ¼ Sb2 varies from 59.6 to 21.4 GPa. The
two-dimensional Young's modulus calculated from the strain
1
energy curve is Y2D
VN ¼ 285 N m , smaller than that of the ideal

Nanoscale
h-BN but bigger than that of VB. For uniaxial strain along the
zigzag direction, under a compressive strain of hz ¼ 0.1, the
two B atoms are pushed together to form a B–B bond with a
bond length of 1.73 Å. For a tensile strain of hz ¼ 0.1, the two B
atoms in the previous B–B bond are 3.17 Å apart. When strains
were applied along the armchair direction, at a compressive

Fig. 3 Distribution of the diﬀerence in electronic charge density rdiﬀ (in units of e Å3) under deformation along the armchair (a), zigzag (c) and biaxial (e) directions
for VB. The VN counterparts are (b), (d) and (f). The black circles denote boron atoms and the red hexagons denote nitrogen atoms.
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strain of ha ¼ 0.1, one boron atom displaces towards the
vacancy site, bonded with two B atoms, forming two hexagonal
rings and two pentagonal rings. The central B atom has two B–N
bonds and two N–N bonds, with bond lengths of 1.45 and
1.82 Å, respectively. When biaxial strains were applied, at a
compressive strain of hb ¼ 0.1, the three B atoms were bonded
together, forming three pentagons around the vacant site. The
B–B bond lengths are 1.69 Å. The bond lengths of these three N
atoms with nearby B atoms are 1.35 Å. At a tensile strain of hb ¼
0.1, the B–B bonds are broken. The bond lengths of these three
B atoms with nearest N atoms are 1.52 Å.
In this study, the presence of monovacancy (0.9% of the
overall lattice sites) reduces the Young's modulus by 9% and 5%
when it corresponds to a B or N atomic site, respectively.

3.2

Distribution of strain and electronic charges

The spatial distribution of strains in a defect system is of
importance in understanding the formation and evolution of
defects. Due to the presence of monovacancy, applied strains
were not uniformly distributed in h-BN monovacancy congurations. To study strain eld near defects, atomistic strain tensors50
were obtained in the deformed systems with monovacancy. As a
typical representative of the atomistic strain tensor, the von
Mises equivalent strain 3eq., a second rank invariant51 of the
strain tensor 3, is of special interest and is dened as
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3
1
Trð3  3+ IÞ2 ; 3+ ¼ Tr3
(5)
3eq: ¼
2
3
where I is the unity tensor and 3 is a rst rank invariant of the
strain tensor 3.
Compared to local atomistic strains, the applied strain h is
global in nature. The distribution of local von Mises equivalent
atomistic strains in VB and VN systems at a global compressive
strain of 0.1 is plotted in Fig. 2. Large von Mises equivalent
atomistic strains were observed around vacancies. The strain
eld is anisotropic, and is dependent on the amount and the
direction of the applied strain, as well as the vacancy species.
The presence of vacancies also aﬀects the distribution of
electron charge densities. We calculated the diﬀerence in electron charge densities between the h-BN monovacancy system
and the ideal system, denoted as rdiﬀ ¼ rvac  rideal. The results
are plotted in Fig. 3.
As expected, the largest rdiﬀ appeared near defects. The
distribution of rdiﬀ diﬀered at diﬀerent strains with diﬀerent
monovacancy species. This observation is consistent with the
distribution of von Mises equivalent atomistic strains as shown
in Fig. 2.

3.3

Radiation hardness

Radiation hardness is measured by the displacement threshold
energy Ed,v, which was calculated based on eqn (4) for h-BN
monolayers under strains. Strains were applied along the
zigzag, armchair, and biaxial directions. Values of Ed,v are
obtained and plotted as a function of strain h in the three
deformation modes as shown in Fig. 4.
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Fig. 4 Displacement threshold energy Ed,v varies with strain h in the three
deformation modes, in the plane of h-BN monolayer forming B or N
monovacancy.

Without any strain, a higher threshold displacement energy
was obtained for the formation of boron monovacancy than the
formation of nitrogen monovacancy in the h-BN monolayer
(17.08 eV for B and 16.04 eV for N), which is in agreement with a
previous study.35 As both compressive and tensile strains were
applied, there was a general reduction in radiation hardness of
h-BN monolayers to form both B-vacancy and N-vacancy
congurations. The reduction rate diﬀered at strains along
diﬀerent directions.
The calculation of threshold displacement energy was performed assuming that all the structures were fully relaxed. Such
relaxed structures in the static method provide a good approximation in determining the threshold displacement energy based
on dynamics methods or experimental measurements. The
following two reasons can justify this approximation: (1) the
forces between the displaced atom and its adjacent atoms were
opposite and instantaneous. A displaced atom can travel a few
angstroms away from its original equilibrium site prior to
collision. Adjacent atoms, however, can move at a distance of an
order of magnitude shorter to achieve relaxation. The relaxation
procedure can be regarded as instantaneous compared to the
movement of the displaced atom. (2) Compared to the many
possible unrelaxed congurations, the relaxed conguration was
unique and determined. The energy diﬀerence between the two
relaxed structures, before and aer displacement of the atom,
provided a lower limit of the threshold displacement energy.
Our result of the reduction in radiation hardness as tensile
strains were applied agrees well with previous studies by
Holmstrom et al., where only response to tensile strains was
examined.36 The authors attributed such behavior to two
eﬀects: the increase of space between atoms due to straining
allowing the displaced atoms to settle as interstitials and
weakening of bonds as a result of stretching. Such explanation,
however, cannot be used for reduction in hardness at
compressive strains.
An energy perspective can better explain the general reduction in radiation hardness, as observed in the present work.
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Increased strain energy, irrespective of tension or compression,
lowers the energy barrier of displacing an atom. Hence, less
energy is required from the radiation. Therefore, when the
system is subjected to strains, radiation hardness is reduced.
The threshold displacement energy showed strong nonlinearity with change in strain. The threshold displacement energy
is smaller in the compressive than in the tensile strain regimes

Nanoscale
for displacements of both boron and nitrogen atoms. The
energy interpretation discussed above can well explain the
diﬀerence of threshold displacement energy between
compressive and tensile strains. When a compressive strain is
applied, the distances of atoms are shortened and the repulsive
forces rise. For the same amount of strain, the repulsive forces
increase much faster in compressive strain than the attractive

Fig. 5 Contour plot of the cross-section shd (in units of barn) with respect to the electron beam energy and the strain h. The three deformation modes for VB are (a)
armchair, (b) zigzag, and (c) biaxial. The VN counterparts are (d), (e) and (f).
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forces in tensile strain. Thus systems in the compressive state
can store higher strain energy than in the tensile state, especially for biaxially strained systems, with the same amount of
strain. We can conclude that the system with higher strain
energy is more vulnerable to radiation damage. As strains are
applied, the input energy is utilized in bond formation,
strengthening, attenuation and rupture. The stored energies
diﬀer at various strain modes and congurations in the VB and
VN systems. This may be the underlying reason that radiation
hardness is diﬀerent for forming a B monovacancy and a N
monovacancy in diﬀerent strain modes.
We also examined the threshold displacement energies
using unrelaxed vacancy congurations (unrelaxed-TDEs). The
unrelaxed-TDE is the sum of TDE and the vacancy relaxation
energy, which is an energy gain during the relaxation aer the
removal of the atom. The vacancy relaxation energy is also a
function of applied strains. As a result, unrelaxed-TDEs are a
more complex function of the applied mechanical strains than
TDEs. Under uniaxial compression along either the zigzag or
armchair direction, the unrelaxed-TDEs increase with the
amount of the compressive strains, opposite to the decrease of
TDEs under the same circumstances, for both B and N monovacancies. For other tested strains, the unrelaxed-TDEs decrease
with respect to the amount of strains, same as TDEs but with
lower rates. The unrelaxed-TDE and TDE in the static approach
could be considered as upper and lower bounds of damage
threshold energies in dynamic simulations respectively.
Compared to the unrelaxed-TDE, as discussed previously, the
TDE obtained from relaxed vacancy congurations in the static
approach is better in characterizing the radiation hardness.
From the energy perspective, any eﬀort leading to the increment of system energy will potentially reduce the radiation
hardness. This could also explain the temperature eﬀect on
radiation hardness.52 The total energy in a system increases as the
temperature increases, which could in turn reduce the radiation
hardness. Introducing other defects will potentially increase the
system energy, and thus minimize the radiation hardness. A
similar explanation holds when electric53 and magnetic elds54
are applied. Currents and charges will introduce additional work
to the system and increase the system's energy, thereby reducing
the radiation hardness. Such a general trend of radiation hardness could be widely applied to material design and engineering
for those devices working in radiation-rich environments, e.g.,
electronic and optoelectronic devices in outer space.

3.4

Radiation damage cross-sections

According to eqn (1), shd, the radiation damage cross-section for
isotropic knock-on radiation with strain h can be obtained
through the calculation of threshold displacement energy Ehd,v.
Fig. 5 shows the radiation damage cross-sections shd of producing
a B monovacancy (le column) and a N monovacancy (right
column) as a function of the electron beam energy and the strain
h along the armchair, zigzag, and biaxial directions respectively.
For a xed incoming electron beam energy Ee, the minimum of
shd is at h ¼ 0 for all six cases studied. With the same strain and the
same incoming electron beam energy Ee, the cross-section of
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producing a N monovacancy is larger than that of producing a B
monovacancy. This result is consistent with the change in
threshold displacement energy and electron energy. For B vacancy
congurations with a strain h, shd has a maximum value with
respect to the electron beam energy Ee. However, for N vacancy
congurations with a strain h, shd monotonically increases with
respect to the electron beam energy. The extreme points in shd  h
and shd  Ee curves indicate that radiation damage is maximum for
certain strains and incoming electron energies. Thus, the contours
of shd could serve as a road map in engineering h-BN based devices
when the radiation resistance is the primary concern.

4

Conclusion

In summary, we studied the strain eﬀect on the radiation
hardness during controlled radiation damage of hexagonal
boron nitride monolayers using ab initio density functional
theory calculations. Three typical strain modes which are along
the armchair, zigzag, and biaxial directions were applied. Two
kinds of controlled radiation damage were studied which form
a vacancy at a boron (VB) and a nitrogen (VN) atomic site,
respectively. Radiation damage is seen to reduce Young's
modulus by 9% (5%) for vacancy at the B (N) atomic site. The
strain eld is aﬀected by the applied strains and the vacancy
species. Large von Mises equivalent atomic strains are observed
around the vacancies. The distribution of rdiﬀ, the diﬀerence in
electronic charge density between the systems with and without
vacancies, also shows that the largest rdiﬀ value is around the
defects. The distribution of rdiﬀ was aﬀected by the applied
strains and the vacancy species, consistent with the distributions of von Mises equivalent atomic strains.
The threshold displacement energy of h-BN monolayer
subject to isotropic knock-on electron radiation was calculated
in three deformation modes for both compressive and tensile
strains. We observed a general reduction in radiation hardness
due to strains along the zigzag, armchair, and biaxial directions.
We provided an explanation based on energy arguments.
Radiation damage cross-sections for isotropic knock-on
radiation damage by primary electrons were also studied. For a
xed incoming electron beam energy, the minimum shd is at h ¼
0 for all six cases studied. Under the same strain and the same
incoming electron beam energy Ee, the cross-section of
producing a nitrogen monovacancy is larger than that of
producing a boron monovacancy. For B vacancy congurations
under a certain strain h, shd has a maximum value with respect to
the electron beam energy Ee. However, shd monotonically
increases with respect to the electron beam energy. Knowledge
of the cross-sections could serve as a road map in engineering
h-BN based devices under irradiation.
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