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We use reverse nonequilibrium molecular dynamics simulations to study thermal conductivity of two-
dimensional hexagonal boron nitride (h-BN) nanoribbons containing symmetric tilt grain boundaries.
The simulations are conducted on periodic h-BN nanoribbons with zigzag and armchair chirality. The
effective thermal conductivity of ribbons and Kapitza conductance of grain boundaries are calculated
by inducing a constant heat flux along the longitudinal direction of ribbons. The steady state temperature
profiles of nanoribbons display jumps at the location of grain boundaries. The temperature jumps mono-

f{‘iyg;/\lords" lithically increases with the misorientation angle of grain boundaries indicating that grain boundaries
RNEMD with higher misorientation angle have lower Kapitza conductance. The lower Kapitza conductance is

due to higher phonon scattering at grain boundaries which is a result of a higher mismatch between
the phonon spectra of grain boundary and grain atoms. Our modeling results also predict that by increas-
ing the length, both Kapitza conductance of grain boundaries and effective thermal conductivity of rib-
bons increases. Although temperature does not have a significant impact on Kapitza conductance, but
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by increasing temperature effective thermal conductivity of ribbons decreases.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Monolayer hexagonal boron nitride (h-BN) is a graphene-like
two-dimensional material which has a honeycomb lattice struc-
ture containing an equal number of B and N atoms covalently
bonded in alternating sites [1-3]. Two-dimensional hexagonal
boron nitride displays excellent thermal conductivity [4-7],
remarkable mechanical strength [8-11] and excellent optical prop-
erties [12-14]. Such remarkable properties make h-BN promising
for various applications including nanoscale electronics [15-18],
optoelectronic [19], electrochemical sensing devices [20] and com-
posite materials [21-24]. Using h-BN for such applications
requires large scale synthesis of h—-BN. Chemical vapor deposition
(CVD) is the prominent method used for large scale synthesis of
nanomaterials such as h-BN [25-27]. Hexagonal boron nitride
sheets obtained using CVD are polycrystalline consisting of indi-
vidual grains stitched at grain boundaries [28]. Grain boundaries
act as extended defects and their presence can significantly affect
the properties of h-BN. The structure of grain boundaries and their
impact on the thermal properties of bulk materials have been
extensively investigated in the past [29,30]. Studies on the effect
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of grain boundaries on the properties of two-dimensional materi-
als are mostly limited to graphene [31-33] and the impact of grain
boundaries on the properties of other two-dimensional materials
are rarely studied.

High thermal conductivity of h-BN makes it important for
diverse applications such as thermal management in electronics
and thermal conductance enhancement of composite materials.
Since grain boundaries are inevitably present in h-BN sheets,
studying the impact of such defects on heat transport in h-BN is
necessary. Such investigations not only reveal unique features
regarding heat transport mechanism at nanoscale, but can provide
insights on using defect engineering as a way for tailoring the ther-
mal conductivity of h-BN.

Due to challenges in conducting experiments at nanoscale,
computational methods have become invaluable tools for studying
properties of two-dimensional materials [34-42]. We use reverse
nonequilibrium molecular dynamics (RNEMD) methods to study
the impact of grain boundaries on the thermal conductivity of arm-
chair and zigzag h-BN nanoribbons containing symmetric tilt grain
boundaries. To understand the impact of the structure of grain
boundaries on their thermal properties, grain boundaries with dif-
ferent misorientation angles are studied. Using phonon spectrum
density of grains and grain boundaries we show that phonon scat-
tering at grain boundaries is responsible for the thermal resistance
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at grain boundaries. By increasing the misorientation angle,
Kapitza conductance of ribbons reduce which leads to a lower
effective thermal conductivity of ribbons as well. The effect of tem-
perature and grain size on the thermal properties of h-BN are stud-
ied. The modeling results predict that by increasing the length of
grains the Kapitza conductance and effective thermal conductivity
of ribbons increases. On the other hand, while the impact of tem-
perature on the Kapitza conductance of grain boundaries is negli-
gible, the effective thermal conductivity of ribbons reduces by
increasing the temperature.

2. The structure of nanoribbons and grain boundaries

The structure of nanoribbons used in this paper for RNEMD
modeling is schematically shown in Fig. 1(a). The nanoribbons
are periodic in the x-direction and each computational cell consists
of four similar grain boundaries in the y-direction. All the four
grains of the computational cell have the same size in the x-direc-
tion and their width in the y-direction is 123 A. The lattice vectors
a; =¢(3,v3) and a, = £(3,—+/3) are shown in Fig. 2(f) where a ~
1.4457 A [43] is the boron-nitrogen bond length.

The grain boundaries considered in this paper are shown in
Figs. 2-4. As shown all the grain boundaries consist of repeating
pentagon-heptagon (5-7) pairs [28]. Each 5-7 pair is known as a
Stone-Wales defect and represents the core of an edge dislocation
corresponding to the removal of one chain of armchair atoms from
the perfect lattice. Similar structures have been previously studied
for the grain boundary of graphene [44].

As depicted in Fig. 2, the grain boundaries of zigzag ribbons
comprised of a regular array of 5-7 Stone-Wales defects separated
by hexagonal rings [28]. Increasing the misorientation angle

)
o
=
=
—
]
g

270 n
& AN

250 '\ T

Tt
230
0 0.2 0.4 0.6 0.8 1
Normalized distance in x-direction

(b)

Fig. 1. (a) A h-BN nanoribbon containing four similar grain boundaries used in the
RNEMD simulations. The hot bin is at the middle and cold bins are at the two ends
of the ribbon. (b) The temperature profile of the nanoribbon is shown schematically.
The temperature profile includes a jump at the location of grain boundaries.

reduces the number of hexagonal rings between 5-7 pairs which
is equivalent to increase in the dislocation density. At a misorien-
tation angle of 0,;; = 21.73°, the 5-7 pairs are separated by only one
hexagonal ring. Therefore, it is not possible to further increase the
misorientation angle of grain boundaries while keeping the regular
array of 5-7 defects. The Burger vector (b) of edge dislocations can
be obtained by plotting Burger circuits around a 5-7 pair as shown
in Fig. 2(f). Using the Burger circuit, the Burger vector of disloca-
tions at each Stone-Wales defect of grain boundaries in zigzag rib-
bons is b = a;.

As shown in Fig. 3, the grain boundaries in armchair ribbons are
comprised of two pairs of 5-7 Stone-Wales defects. By plotting the
Burger circuit around two 5-7 pairs, as depicted in Fig. 3(f), the
Burger vector of the dislocations are obtained as b = a; + a,. Sim-
ilar to grain boundaries in zigzag ribbons, by increasing the misori-
entation angle, the number of hexagonal rings between two
adjacent dislocations reduces. At a misorientation angle of
Oam = 27.77° the Stone-Wales defects join each other and the
hexagonal rings separating the dislocations disappear. Further
increase in the misorientation angle will alter the Burger vector
of dislocations.

To study the structure of grain boundaries with higher misori-
entation angle, we note the relation 0,; = 60° — 0,m. Therefore,
the maximum misorientation angle of armchair ribbons observed
in Fig. 3, i.e. 0,m = 27.77° is equivalent to 0, = 32.23°. Since the
maximum misorientation 0, in Fig. 2 is 21.73°, the range of 0,
between 21.73° and 32.23° is a transition zone where the grain
boundary dislocations are a combination of those from armchair
and zigzag ribbons.

The structure of grain boundaries in the transition zone for two
misorientation angles of 60, = 24.43° and 27.79° are shown in
Fig. 4. As shown in Fig. 4(c-d), the structure of grain boundary in
the transition zone is not made of just one type of dislocation.
Instead the grain boundaries are comprised of (1,0) and (1,0)
+(1,0)+(1,0) dislocations. When the misorientation angle is close
to 0, = 21.73°, the density of (1,0) dislocations is higher than
the density of (1,0)+(1,0)+(1,0) dislocations. When the misorienta-
tion angle approaches 0, = 32.23°, i.e, when the misorientation
angle get closer to that of armchair ribbons, the (1,0) dislocations
disappear and the grain boundary is made of an array of (1,0)
+(1,0)+(1,0) dislocations.

In the rest of this paper, to ease the illustration of results, the
data related to the grain boundaries in the transition zone, i.e
21.73° < 0,45 < 32.23°, are presented along with the results of grain
boundaries of zigzag ribbons.

3. Computational method

In this paper, we use reverse nonequilibrium molecular dynam-
ics (RNEMD) method [45] to study thermal transport in h-BN rib-
bons containing symmetric tilt grain boundaries. In this method a
heat flux in the x—direction is imposed to create a temperature gra-
dient in the longitudinal direction of ribbons as shown in Fig. 1(b).
For this purpose, the nanoribbon are divided into bins with the first
bin is designated as the cold bin and the bin at the middle is des-
ignated as the hot bin, as shown in Fig. 1(a). In this paper, the num-
ber of bins are chosen based on the length of the ribbons such that
the width of bins does not change by the change in the ribbons
length. As a reference point, we use 52 bins for ribbons with a
length of 750 A. The heat flux is induced by a continuous transfer
of energy from the cold bin to the hot bin. The energy transfer is
conducted by exchanging the kinetic energy of the coldest atom
of the hot bin with the hottest atom of the cold bin, as shown in
Fig. 1(a). The swap of energy is continuously repeated until a
steady state temperature profile is obtained. Due to the artificially
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