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Abstract

®

CrossMark

A new interlayer potential is developed for interlayer interactions of hexagonal boron nitride
sheets, and its performance is compared with other potentials in the literature using molecular
dynamics simulations. The proposed potential contains Coulombic and Lennard-Jones

6-12 terms, and is calibrated with recent experimental data including the hexagonal boron
nitride interlayer distance and elastic constants. The potentials are evaluated by comparing
the experimental and simulated values of interlayer distance, density, elastic constants, and
thermal conductivity using non-equilibrium molecular dynamics. The proposed potential is
found to be in reasonable agreement with experiments, and improves on earlier potentials in
several respects. Simulated thermal conductivity values as a function of the number of layers
and of temperature suggest that the proposed LJ 6—12 potential has the ability to predict some
phonon behaviour during heat transport in the out-of-plane direction.

Keywords: interlayer potential, hexagonal boron nitride, molecular dynamics, potential

parameterization, orthotropic material
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1. Introduction

The properties of low dimensional materials often differ sig-
nificantly from those of their bulk counterparts, and offer
promising opportunities for novel devices and applications.
Current advanced materials research aims to develop new
material components or designs that benefit from the improved
properties of low dimensional materials. For hexagonal boron
nitride (hBN), improved properties include superior stability,
high chemical resistance, hardness, mechanical strength and
thermal conductivity [1, 2]. Moreover, hBN is distinguished
as an electrical insulator, and has been used as a high temper-
ature lubricant, a substrate or heat sink for electronic devices,
and in ceramic production and coatings [3]. Structurally,
hBN is a low dimensional material with a honeycomb lattice
of alternating boron and nitrogen atoms in plane (figure 1(a)),
and with layers stacked with an AB stacking arrangement out
of plane (figure 1(b)). Visuals are created using VMD soft-
ware [4].

Studies concerning hBN are more limited than those on
similar materials such as graphene, and further characterization
of hBN and understanding the physical behaviour is required.
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Moreover, there are inconsistincies in the available data. As
an example, experiments show that the measured thermal
conductivity depends on the synthesis method, measurement
technique, and sample size. In-plane measured thermal con-
ductivities of about 11.7nm and 13.3nm thick samples were
reported to be 150W m~'K~! and 225W m~'K~! at 300 K,
respectively [5], whereas the measured thermal conductivi-
ties of 5-layer and 11-layer samples were reported to be 250W
m~'K~!and 360 W m~'K~! at 300 K, respectively [6].

Molecular dynamics (MD) simulations offer the ability to
investigate material properties in the absence of experimental
complications to help identify physical behaviours. However,
accurate representation of the system requires suitable intera-
tomic potentials. This has been done extensively for materials
such as graphene [7-9], but the number of studies for hBN
is limited. While mechanical and thermal properties such as
the bending and tensile rigidity, Poisson’s ratio, heat capacity,
and thermal expansion coefficient [10, 11] are considered,
many of these properties can not be characterized accurately
or precisely. Notably, the thermal conductivity of hBN in MD
simulations is reported to be anywhere from 8OW m~'K~! to
1000W m~'K~'[12, 13].

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. The (a) in-plane and (b) out-of-plane atomic structure of
MLhBN.

The existing MD simulations only examine the in-plane
properties of hBN, and most consider just a single hBN sheet
even though hBN is usually multi-layered in practice [1, 5, 6].
This is significant because multi-layered hBN (MLhBN)
has thermal and mechanical properties that differ by orders
of magnitude along the in-plane and out-of-plane directions.
Experiments on 50-120 pm thick hBN samples found the in-
plane elastic constant c;; and out-of-plane elastic constant
c33 to be 811 GPa and 27 GPa, respectively [14]. Similarly,
experiments found the thermal conductivity at 300 K to be
250W m'K~! and 2W m~'K~! in the in-plane and out-of-
plane directions, respectively [15].

Since the accuracy of MD simulations is limited by the
interatomic potentials used, the interatomic potential should
be able to accurately reproduce relevant behaviors at the nano-
scales. In the case of thermal properties, this includes collec-
tive motions such as phonon transport [16, 17]. There are
just a few studies in the literature with interatomic potentials
which are capable of characterizing the anisotropic behaviour
accurately, and our objective is to improve on them.

The structure of hBN naturally suggests that the in-plane
and out-of-plane atomic bonding be handled differently. The
Tersoff potential [18] is commonly used for the covalent in-
plane interactions between adjacent borons and nitrogens.
Originally developed for Si-Ge and C-Si systems, the potential

was eventually extended to hBN [19] and is now used exten-
sively in the literature [12, 13, 20]. The out-of-plane inter-
actions appear to be mainly governed by Coulombic forces,
dispersion forces and Pauli repulsion, meaning that it would
not be appropriate to use the Tersoff potential for interlayer
bonding and a different potential should be used. Lindsay and
Broido [20] neglected Coulombic forces and assumed same
Lennard-Jones (LJ) 6-12 parameters for all of the B-B, N-N
and B-N interactions in a recent study, but this contradicts
density functional theory (DFT) calculations that showed that
the Coulombic forces play a critical part in stabilizing the
stacking mode and regulating interlayer sliding corrugation
[21]. Leven et al [22] developed a potential for the interlayer
interactions based on extensive DFT simulations. However,
this function is computationally expensive for sizable MD
simulations, and potentials calibrated to DFT results do not
necessarily give physically reasonable behaviour at finite
temperatures [23]. Green et al [24] proposed a LJ 6-12 poten-
tial with a Coulombic term, with the potential parameters and
resulting elastic constants are calculated theoretically. Since
there were few experiments available at that time, they were
able to compare their results only for ¢33 and did not test the
potential performance for other properties. Kuzuba et al [25]
adopted a similar approach using the same functional form,
but derived the potential parameters from the experimental
structure and elastic constants of MLhBN. However, the
derivations of these potentials included some questionable
assumptions such as same parameters for different type of
atomic interactions, and used only the limited experimental
data that was available at that time.

The objective of this study is to derive a computationally
efficient and easy to implement potential that is capable of
reproducing the thermo-physical properties of hBN accu-
rately, using MD simulations. More recent experimental data
is used to improve the accuracy of existing potentials and a
comparison of the potential with other potentials in the litera-
ture is also presented.

2. Methodology

2.1. Potential function parameters: derivation

The calculation follows a similar procedure to that of Kuzuba
et al [25]. Let ¢;(r;j) be the interaction energy between the ith
and jth atoms in two distinct layers and separated by a distance

rj = \/(xi—xj)2+(yi—)’]-)2+(Zi—2j)2 1)

where the layers are parallel to the x-y plane. The interlayer
interaction energy of the infinite crystal is then

1
E=22220 20 2 9r) )

m n=micL,, jeL,

where m and n are integer labels for the layers and L,, and
L, are the set of integer labels for the atoms in layer m and
n, respectively. The contribution to the interaction energy of
a single pair of B and N atoms in layer zero (the reference
layer) is then
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1
=3 »y ¢p(re) + ¢n;(rNy) 3)

n=0 jeL,

where ¢; and ¢y; are the potentials between the pair of atoms
in the reference layer and atom j. The function defined by
equation (3) has attractive, repulsive and electrostatic comp-
onents. The repulsive and attractive terms are assumed to be
of the LJ 6-12 type, and Coulomb’s law is used for the elec-
trostatic interactions. This yields

o () = —ary + Byre)” + Keapgrs,  (4a)

oni(r) = —anirny + By + Keaygrsj (4b)
where the coefficients apj, anj and Bg;, Gn; are assumed to be
positive and control the strength of the attractive and repul-
sive interactions, ¢ is the atomic partial charge in units of the
elementary charge, and K¢ is the Coulombic constant. Since
charge balance requires that the partial charges of the B and
N atoms have same magnitude, the three different interactions
(B-B, N-N, B-N) lead to the seven unknowns; ann, QBB,
agN, Onns OB, BN and g. This implies that at least seven con-
straint equations are required to solve for the parameters of
the interlayer potential of MLhBN. The Van der Waals radius
for B is 192 pm [26], much smaller than the 330 pm between
hBN layers. Neglecting the short range B—B interactions, as
is often done for ionic materials [27], reduces the number of
unknowns to five. Since N has a nonbonding electron orbital
that extends above and below the layer [28], the N-N and B-N
interactions cannot similarly be neglected. If equations (4a)
and (4b) are inserted into equation (3) with this simplification,
the interlayer contribution of the reference pair becomes:

:_EQB’ DD DRSS ﬂBJZ e

n=0 jeL, n=0 jeL,
K _
mzzmzwzz@
n=0 jeL, n=0 jeL,
+ ﬁNj PO DRIV qu, 22N ®)
n=0 jeL, n=0 jeL,

The attractive and repulsive lattice summations in equa-
tion (5) can be evaluated term-by-term since the atomic posi-
tions in the ground state structure are known. It is observed
that these summations converge with 400 hundred atoms in
each layer, and the calculations are done for 900 hundred
atoms in a layer.

The Coulombic contribution to the interaction energy is
only conditionally convergent, preventing similar evaluation
of these sums. The Ewald summation method is used instead,
following a procedure described elsewhere [24, 25], to replace
those with exponentially decaying sums over the in-plane
reciprocal lattice vectors g. This yields the energy due to elec-
trostatic interactions as

2w o -
E = [(CqZ7 > _cos(g - i) exp(—|g|d)
g

(6)
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Figure 2. Schematic for hBN and bond shifted structure of rBN.
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where A is the area of the real-space unit cell (0.0543 nm?), &
is the lateral shift of the layer relative to the reference layer,
and d is the distance between neighboring layers. Equation (6)
replaces the summations over ! in equation (5). As a result,
the interlayer potential £ can be defined as a function of five
fitting parameters, together with # and d as determined by the
structure. Constraints on this function include the DFT equi-
librium layer separation, experimental ¢33 and c44 values, and
the binding energy at equilibrium. This yields 4 constraints
and 5 unknowns, leaving an undetermined system of equa-
tions. This is resolved by assuming that the potential func-
tion for rhombohedral boron nitride (rBN) is identical to hBN,
differing only in the registration of neighbouring layers; the
stacking of rBN shifts the third layer by one B-N bond length
in the in-plane direction as shown in figure 2. The exper-
imental equilibrium layer separation, c33 and c44 values, and
binding energy at equilibrium for rBN provide four additional
constraints. The experimental lattice parameters are reported
as a = 0.2506nm and ¢ = 0.6657 nm (figure 1) for hBN [14],
and a = 0.2504nm and ¢ = 0.6667 nm for rBN [29]. Since the
derivation procedure effectively calibrates the potential for the
0 K structure, the experimental room temperature lattice con-
stants are larger than the ideal because of thermal expansion.
Therefore the interlayer distance, d, is taken to be 0.320nm
for hBN and 0.319nm for rBN as predicted by DFT calcul-
ations considering 0 K [30]. The requirement that the potential
be at a minimum at the equilibrium layer spacing yields two
constraint equations, one for hBN and one for rBN:

a¢(”ij)
(91,‘]'

—ZZ

n=0 jeL,

=0 (7

Z,-,-:nd

where z;; is the z component of the atomic separation. The
following four constraint equations are obtained by relating
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Table 1. Target constraint equation values, the 0 K least square
solution, and 300 K MD results.

MD Fitted Target
g—f(kcal mole 'K~ — 0 0
g—f(kcal mole”'K-) — 0.3299 0
BN(GPa) 29.9086 26.876 27 [14]
BN(GPa) — 28.5822 28.5[29]
BN(GPa) 5.1873 7.5855 7.7 [14]
BN(GPa) — 2.166 2.052 [29]
EM®N(kcal mole!) —3.5949  —1.9332 —1.9063 [24]
E™N(keal mole) — —1.8204 —1.8516 [24]

Table 2. Fitting parameters of the proposed study and others from
the literature.

This work [24] [25]
epn(keal mole ) 0.007 0.0476 0.0872
exn(keal mole 1) 0.2496 0.0544 0.027
opn(nm) 0.375 0.34 256 0.3137
oxn(nm) 0.31461 0.33 106 0.38 013
q(e) 1.1378 115 1.05

the experimental elastic constants to the second derivatives of
equation (3).

9E O%p(ry) c3A
0% 20i, azi2j 2j=nd d v
O2E 82¢(rij) CauA
ax2 n=0 jeL, 8x5 z=nd ¢ ( )

Equations (8) and (9) are evaluated with the atoms in the 0
K equilibrium positions. Experimental elastic constants for
hBN [14] and rBN [29] are evaluated for the room temper-
ature equilibrium interlayer spacing in an attempt to handle
thermal softening. The last two constraint equations simply
equate equation (3) to an overall binding energy. The values
of the elastic constants and theoretical binding energy per
pair of atoms are taken from the literature, and are shown
in table 1. The resulting overdetermined system is solved by
least squares minimization to find the parameters reported in
table 2 [31]. These are presented for the following type of LJ
6—12 function.

Prry) = 4€ij[_(_u) + (l) ] + chiqugl
r,-j rij

where K¢ is Coulombic constant, o, €, and g are the potential
parameters.

(10)

2.2. Performance of potential function: MD simulation details

MD simulations were used to evaluate the performance of the
LJ 6-12 potential derived in section 2. An hBN model with
12 layers (shown in figure 1) ensured sufficient length in the z
direction to allow the application of small strains without peri-
odic boundary effects. The model was 5 x 4.7 nm? in plane,
and included 10 560 atoms spaced according to the equilib-
rium spacing of hBN with periodic boundary conditions in
all directions. The timestep was set to 1 fs, orders of magni-
tude smaller than the estimated phonon lifetime in transverse
mode for hBN [20]. A standard Tersoff potential [19] was
employed for the intralayer interactions, and the proposed LJ
6-12 potential from section 2.1 and two potentials from the
literature [24, 25] (shown in table 2) were used for the inter-
layer interactions. Cutoff distances were set to 0.8 nm for the
attractive and repulsive terms. The energy of the system was
first minimized, then the temperature and pressure were equil-
ibrated using the isothermal-isobaric ensemble (NPT) at spec-
ified temperature. All components of the stress tensor were
independently set to 0 atm for 20 ps, at which point the system
was observed to be in equilibrium. All MD calculations were
caried out in LAMMPS [32].

2.2.1. Elastic constant calculations. After stabilization, the
system was switched to the canonical ensemble (NVT) and
the stress tensor was measured for 100 ps. The simulation
box was then deformed, the system energy was minimized,
and the stress tensor was averaged over 100 fs intervals in the
deformed condition for an additional 100 ps. Note that the
individual stress components must be controlled separately
due to the orthotropy of MLhBN. Strain was applied in ten-
sion or compression in the z direction, or as a shear in the x
direction on the z face. For sufficiently small strains, the elas-
tic constants can be calculated as follows:

3= ——= (11)

C44 = ——— (12)
ez
where ¢,; and v, are the imposed normal and shear strains, and
the superscripts d and i respecively denote the deformed and
initial stages for the stress component o, respectively.

2.2.2. Thermal conductivity calculations. The same initial
simulation conditions and equilibration procedure were used
as for the elastic constant calculation, and the thermal conduc-
tivity of MLhBN in the out-of-plane direction was estimated
using reverse non-equilibrium molecular dynamics (RNEMD)
with the Muller—Plathe algorithm [33]. The simulation box
was divided into 12 slabs along the out-of-plane direction
with each slab containing one hBN sheet, and a heat flux was
applied in this direction by exchanging the velocities of atoms
in different slabs. Velocity swapping occured every 100 fs,
with the two atoms with the highest velocities in one slab and
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Figure 3. Potential energy versus interatomic distance for proposed
LJ 6-12 potential (in the form of (10)) and Green et al [24].

the lowest velocities in the other being swapped. After NPT
equilibration, the ensemble was switched to the microcanoni-
cal ensemble (NVE), a heat flux was applied to the system
for 50 ps, and the temperature difference between the hot and
cold slabs is measured for another 500 ps. The temperature of
a slab is calculated with the formula

_ > mivi2
3Nkg

where m; is the mass, and v; is the velocity of the ith atom,
N is the number of atoms, and kg is Boltzmann’s constant.
The temperature gradient was averaged over 100 fs intervals.
We observed that the heat flux and temperature gradient had
converged for the last 400 ps, meaning that the system had
reached steady state. Once the heat flux and the temperature
gradient were calculated, the thermal conductivity was esti-
mated using Fourier’s law:

(13)

4

k=2
0T /07

where ¢” is heat flux per unit area and 97/0z is the temper-
ature gradient along the out-of-plane direction.

(14)

3. Results and discussion

3.1. Potential functions

The interatomic distance versus potential energy is shown
for the derived potential and the potential offered by Green
et al [24] in figure 3. The proposed potential has a noticeably
higher binding energy for the N-N interaction.

3.2. Stability of the structure

The equilibrium interlayer spacing is calculated from MD
simulations by averaging the distance between layers, and is
presented for the derived potential and those of Green et al
[24] and Kuzuba et al [25] in figure 4(a). Our potential devi-
ates 2.25% from the experimental value of 0.33 nm, while the
other potentials deviate by 3% and 6%, respectively. A corresp-
onding trend is also observed for the density of MLhBN in
figure 4(b), where the other potentials underestimate the den-
sity as compared to the proposed potential. It can be observed

0.36
034 7::.', o T MR e e e o M o M TN Em e me = et o |
Eo.sz - ~
©
This work
0.3 = = = Green et al [24]
------------- Kuzuba et al [25]
———— Experimental [14]
028 L L L L
0 200 400 600 800 1000
t(fs)
(a)
This work i
= = Green et al [24] 4
-------- Kuzuba et al [25]
200 400 600 800 1000

Figure 4. Layer spacing (a) and density (b) for MLhBN, calculated
by MD simulations.

that the potentials in the literature overestimate the interlayer
spacing while the derived potential slightly underestimates it.

3.8. Elastic constants

The temperature and pressure responses of the model with the
proposed potential are shown in figure 5. The system is equili-
brated for 100 ps and the components of the stress tensor are
averaged over 100 fs intervals. Then the system is deformed
and evolved for 200 ps, with 100 ps for the system to converge
and 100 ps to average the stress components. Stress—strain
plots for simulations and experiment [14] are presented in
figure 6. The elastic constants ¢33 (in compression and ten-
sion), and cy4 for three different strain values for each of the
three interlayer potentials are also evaluated from stress—strain
plots and compared with the experimental values in table 3.
Figure 6(a) shows that the proposed LJ 6-12 potential para-
meters slightly overestimates the experimental ¢33 in com-
pression, whereas the others slightly underestimate. However,
MD results of the proposed LJ 6—12 potential is much closer
to the experimental c33 in tension than the others as seen in
figure 6(b). More precisely, a relative error of 11.5%, while
those of Green et al [24] and Kuzuba et al [25] have relative
errors of 28.6% and 41.4% as seen in table 3. The reason that
¢33 is higher in compression than tension is the asymmetry of
the potential. The improved accuracy of the proposed LJ 6—12
potential, when compared to the other potentials can also be
observed for c44 in figure 6(c).

The more accurate elastic constants suggest that the pro-
posed LJ 6-12 will model transverse phonon modes more
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Figure 5. Temperature (a) and stress (b) equilibrium of MD
simulations for 12 layers hBN model at 300 K.

accurately, compared to the other potentials. Note that the
experimental value of c44 may be artificially high. This can be
attributed to the use of pyrolytic samples [15], which gener-
ally have some covalent bonding between layers. These cova-
lent bonds stiffen the structure, whereas our model assumes a
perfect crystal.

3.4. Thermal conductivity

The thermal conductivity is calculated in the out-of-plane
direction for the three different potentials at five different
temperatures in the interval from 200 K to 400 K. Temperature
is plotted versus non-dimensional length (z* = z/L) along the
out-of-plane direction, z* in figure 7 for the proposed LJ 6-12
potential at an average temperature of 200 K, 250 K, 300 K,
350 K and 400 K. Only half of the simulation box is considered
since the system is symmetric in z dimension due to the nature
of Muller—Plathe algorithm. Linear temperature profiles are
obtained for all five different cases, allowing Fourier’s law to
be applied. The thermal conductivity calculation is repeated
for different number of layers to determine if there is any size
effect for the MD predictions. Results for all three potentials
are presented for 6, 8, 10, 12, 14, and 16 layers in figure 8. The
absence of information about the number of layers in experi-
ments precludes us from making a detailed comparison of
thermal conductivity for each number of layers; however, the
thermal conductivity in MD tends to increase with number of
layers up to 14 layers. This is attributed to increased phonon
boundary scattering for small models. Since there appear to be
no significant changes in thermal conductivity from 12 layers

0.6
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0.4 [ —Experimental [14]

(GPa)
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N
N
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(a)
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0.2ttt Kuzuba et al [25] |
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Figure 6. ¢33 in tension (a) in compression (b) and c44 (c) results of
MD simulations using three different interlayer potentials.

to 16 layers, apart from fluctuations, the thermal conductivity
of the 12 layer model is considered to be sufficient for the
further analysis.

The thermal conductivity of MD simulations using dif-
ferent potentials for different temperatures is also consid-
ered with the results presented in figure 9. The proposed LJ
6-12 potential has the same (fluctuating) decreasing trend in
thermal conductivity as the experimental studies [15]. The
potentials of Green et al [24] and Kuzuba ef al [25] fluctuate
more and do not follow the experimental trend as well as the
proposed potential. Moreover, the proposed potential predicts
higher conductivities than the others, and its predictions are
closer to experiments. More accurate representation of the
transverse phonon modes may lead to this slight improve-
ment of the thermal conductivity. All MD results are lower
than the reported value of 2W m 'K, [15]. This is reason-
able because the experimental samples were pyrolytic with
covalent bonds that could enhance the phonon transport along
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Table 3. Elastic constants in GPa, and the percentage errors are presented in parenthesis.

c33 (tens.) ¢33 (comp.) C44
This work 23.9(11.5%) 31.2(15.6%) 5.25(31.9%)
Green et al [24] 19.3(28.6%) 24.98(7.5%) 2.73(64.6%)
Kuzuba et al [25] 15.83(41.4%) 21.56(20.1%) 2.67(65.4%)
Experiment [14] 27 27 7.7

s00 | #200K |
%250 K Table 4. Average thermal conductivity percentage errors with
500 | 4300 K | respect to the experiments (for the results of figures 8 and 9) for
— *350 K different potentials.
é400 L“.Q(L,.,_,.——a/-—/
[ W Figure This work [24] [25]
= & & & & # o
300 ey e ] 8 30.2 41.5 53
200 —e ° ® e ® = 9 16 23.4 43
0.1 0.2 0.3 0.4 0.5

Figure 7. Temperature profile along out-of-plane direction of
MLhBN.
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Figure 8. Out-of-plane thermal conductivity results for different
potentials for different number of layers.
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Figure 9. Out-of-plane thermal conductivity results of different
potentials for different temperatures.

the out-of-plane direction. Hence, this difference in thermal
conductivity is attributed to the ideal structure assumption
in our models. The average errors with respect to the exper-
imental thermal conductivity results in figures 8 and 9 are also
presented table 4. It can be observed that the average error
improvements of the proposed potential (with respect to the

other potentials) are 11% and 23% for figure 8, and 7% and
27% for figure 9 [24] and [25].

4. Conclusion

A new interlayer potential composed of Lennard-Jones 6—12
terms and a Coulombic term is developed for multi-layer hex-
agonal boron nitride. The derivation follows a similar fitting
procedure to Kuzuba er al [25], but is calibrated with more
recent experimental data for the hexagonal boron nitride and
the rhombohedral boron nitride structures. The calibration is
performed by a least squares minimization, and molecular
dynamics simulations allow the performance of the proposed
potential to be compared with two others with regard to inter-
layer spacing, elastic constants, and thermal conductivity. The
proposed potential is found to predict the interlayer spacing
more accurately, while errors for ¢33 predictons in compres-
sion are similar for all three potentials. The proposed potential
again leads to the smallest error for ¢33 predictions in tension
and for c44 predictions. More accurate elastic constants sug-
gest that the proposed potential better reproduces phonon
modes in the out-of-plane direction. The thermal conductivity
is evaluated for the three potentials using the Muller—Plathe
algorithm and the RNEMD method [33] as a function of
temperature and the number of layers. The size effect is found
not to be significant for systems with more than 10 layers. The
thermal conductivity of the 12 layer model with the proposed
potential decreases with increasing temperature, consistent
with the increased phonon scattering that occurs in experi-
ments. Overall, the proposed potential is found to more accu-
rately predict properties such as density, elastic constants and
thermal conductivity, and it is believed that this improvement
will lead more accurate MD simulations of MLhBN.
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