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Abstract In this paper, the mechanical properties of grain boundaries (GBs) in planar heterostructures of graphene
and hexagonal Boron Nitride (h-BN) are studied with molecular dynamics method in combination with classical
disclination theory. The hybrid interface between graphene and h-BN grains is optimally matched by non-bisector
GB composed of pentagon-heptagon defects arranged in a periodic manner. GB is found a vulnerable spot
where failure initiates under uniaxial tension, and the tensile strength is found to anomalously increase with the
mismatch angle between graphene and h-BN grains, i.e., the density of pentagon-heptagon defects along GBs. The
disclination theory is successfully adopted to predict the stress field caused by the lattice mismatch at GB.
Comparison between stress contours of GBs with different mismatch angle demonstrates that the arrangement of 5-
7 disclinations along GB is crucial to the strength, and the stress concentration at GB decreases with the increase of
disclination density, resulting in the anomalous increase of strength with mismatch angle of grains. What’s more, the
thermal transfer efficiency of hybrid GB is also revealed to depend not only on the mismatch angle of grains but also
the direction of thermal flux. Thermal transfer efficiency from graphene to h-BN is higher than that from h-BN to
graphene. Detailed analyses for the phonon density of states (PDOS) of GB atoms are carried out for the
mismatch angle-dependence of interfacial conductance. Our results provide useful insights into the application

of two dimensional polycrystalline heterostructures for next-generation electronic nanodevices.
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Introduction

Two-dimensional (2D) materials have been remarkably investigated for their exceptional
properties, while the hybridization of different single-atomic materials in one plane is of special
interest since it can provide unique flexibilities in tuning the properties™*). Graphene and
hexagonal boron-nitride (h-BN) sheets are the two most widely studied 2D materials consisting
of a single layer of hexagonally arranged atoms while exhibiting distinctive and distinguished
properties.”®l Their least lattice mismatch makes them be the best candidates to be
heterogeneously integrated for tunable properties. For example, graphene has a major problem
for novel 2D semiconductor applications as it lacks an energy gap between its conduction and
valence bands'® while the h-BN is electrically insulative with a band gap of ~5.8 eV [l The
hybridization of these two 2D materials provides unique tunable electrical properties spanning
from semiconducting to half-metallic as the ratio of composition varies™ *'l. Compared to the
surface functionalized graphene or BN nanosheets with similar tunable properties™*?, in-plane
graphene-BN hybridization is far more appealing as the single-atomic thickness is maintained.
Studies focusing on the modulations of magnetic*® 4, electrical™®, thermal **/ and mechanical
(7. 18] properties of hybrid CBN sheet by changing the hybrid configurations have been reported.
More interesting physical and chemical properties are expected in the CBN in-plane
heterostructure.

Recent advances in the fabrication of in-plane heterostructure composed of graphene and h-
BN domains provide strong evidence for its potential application in next generation electronic
devices %21, Nearly seamless BNC hybrid films can be generated under ultra-high vacuum
(UHV) conditions via a two-step heteroepitaxial growth method ?> %I, BNC hybrid planar

heterostructures with controlled domains ranging from tens of nanometers to millimeters has also



been successfully generated using a two-step patching growth approach 1?4, The fabrication
achievements have paved an avenue in realizing precise spatial control over the electrical
properties of the BNC hybrid nanosheets™™l. Chemical Vapor Deposition is an integral
fabrication process #°?"I for the production of hybrid graphene-BN nanosheets in all the reported
experiments. Thus, the formation of grain boundaries (GBs) where two grains meet each other
are unavoidable during the CVD method because each grain in metallic substrate could be a
nucleation site for individual grains of nanosheets %%, Most recent transmission electron
microscope study of CVD grown 2D nanomaterials with hexagonal lattices find that GBs are
mainly consisting of pentagon—heptagon (5-7) defects . Such topological defects at GB may
act as dislocation cores that raise stress concentration, consequently the physical and chemical
properties of nanomaterials are altered [*°°l. Detailed theoretical and simulation analysis
demonstrates that the strength of graphene with bisector GBs consisting of 5-7 defects can either
increase or decrease with the mismatch angle, depending on the arrangements of the 5-7
defects.[*6: 371

The interface between graphene and h-BN domain has been demonstrated to govern the
failure mechanism of the hybrid sheet by molecular dynamic simulations®!, while a little
mixing of h-BN and graphene can cause noticeable drop in the strength of the hybrid sheet.*°!
The mechanical and failure behaviors of the hybrid CBN nanosheets are also noticed to be
affected by the type of interface connection and the type of defects by density functional
theory.“! Thus, a fundamental understanding to the role of interfaces between graphene and h-
BN grains in the mechanical, thermal, and electronic properties of CBN heterostructure is a key
for fabricating high-performance nanoarchitectures.*®! Recently, a pioneering effort about the

GBs in hybrid 2D nanosheets revealed that two heterogeneous domains in hybrid graphene-BN



nanosheet tend to optimally match by forming bisector GB composed of 5-7 pairs arranged in a
periodic manner. Such GB is different from the bisector GB in pristine graphene or h-BN due to
the lattice mismatch between the heterogeneous domains./!! Moreover, experimental study
found that GBs with periodic 5-7 pairs in quasi-freestanding graphene give sharp local density of
states (LDOS) peaks as opposed to the broad peaks of the aperiodic boundaries, which suggests
that GBs with high structural quality can introduce well-defined electronic states.“?! Thus, study
of the effect of non-bisector GB on the mechanical, thermal, and electronic properties of CBN
heterostructure is highly demanded. To this aim, we study the effect of non-bisector GBs on the
mechanical and thermal properties of hybrid graphene-BN combining molecular dynamics
simulations and disclination theory. Our results reveal that the existence of GBs in graphene/h-
BN heterostructure can result in noticeable change in both mechanical and thermal properties. By
increasing the density of 5-7 defects in the non-bisector GBs, the strength of the planar
heterostructure increases while the thermal conductivity decreases gradually. Both the influences
of GBs on the mechanical and thermal properties can be attributed to the arrangement of 5-7
defects at GB. Our results suggest that the effect of GB on the mechanical and thermal properties
of hybrid CBN nanosheet should be considered carefully when evaluating its whole performance

in bandgap-engineered applications such as electronics and optics.

Simulation methodology

We use the Tersoff potential with parameters adopted from Kinac et al.**l in LAMMPS!#4!
package for MD simulations. The size of the hybrid BNC models used in simulations is
approximately 8nn>8nm (Fig. S1a). Non-bisector GB defects are placed in the middle of these

heterostructures along y-direction. GBs of different mismatch angles are constructed as shown in



Fig. 1a. All the atom models are fully relaxed by energy minimization before applying uniaxial
tensile strain along x-direction. A 3A wide ribbon at each end of the hybrid sheet along x-
direction is fixed by specifying the velocity and the force of atoms equal to zero along x- and z-
direction, as depicted by the pink arrows in Fig. S1la. With these constraints, the hybrid sheet is
stretched along x-direction at a strain rate of 0.01%/ps by scaling all atomic coordinates. Each
stretching step is followed by a relaxation of 100 steps. Such procedure of stretching and
relaxation is repeated at time step z = 1 fs until complete failure. All sets of MD simulations are
performed at room temperature under NVE ensemble.

To obtain the stress-strain curves during deformation, the atomic stress of individual atoms in

the hybrid sheet is calculated according to equation [4° 4]

1 1 a a i 7
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where i and j denote indices in Cartesian systems; a and £ are the atomic indices; m* and v*

denote the mass and velocity of atom a; r; is the distance between atoms o and g; Q* is the

atomic volume of atom «. After obtaining the stress of each atom, the stress of the hybrid BNC
sheet is computed by averaging over all the atoms in the sheet. The thickness of hybrid
graphene—BN sheet is adopted as 3.35 A7l which is the mean thickness of graphene and BN.
The Young’s modulus E is calculated as the initial slope of the stress-strain curve and the
ultimate strength o is taken as the peak stress of the curve.

Thermal properties of hybrid CBN sheets are investigated using non-equilibrium molecular
dynamics (NEMD) method, which key idea is to apply a heat flux across the system and obtain
the temperature profile along the direction of heat flux to determine the temperature gradient.
Figure 5a shows the illustration of the NEMD simulation for the thermal properties of hybrid GB

in planar graphene/h-BN heterostructures. The overall simulation length along Xx-direction



includes the fixed boundary, hot and cold slabs and free domains. The atoms within a width of
3A at each end of the hybrid sheet are fixed after energy minimization to prevent the system
from drifting and oscillating. With these constraints in place, the heterostructure is relaxed for
equilibrium at room temperature (300 K) under NVT ensemble for 10 ns with time step z = 0.1 fs.
To obtain the temperature profile in graphene, we divide the unfixed domain into 10 narrow
slabs equally along x-direction, where the first slab and the last slab correspond to the hot and
cold domains. The average temperatures in hot and cold slab are set to be Thot = 320K and Teoid =
280K, respectively. Heat flux occurs from hot slab to cold slab along x-direction. The heat flux J
is defined as the energy transported across the simulation system per unit cross-sectional area

and unit time, which can be expressed as
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where the subscripts i, j, k denote the three different atoms i, j, k. & and v; are the energy and
velocity of atom i, respectively. Vector rj; represents the interatomic distance between atoms i
and j, and Fjj and Fijx represent the two-body and three-body forces, respectively. V is the volume
of the studied system. After a simulation period of 5 ns, a dynamic equilibrium state of heat flux
transport across the nanosheet can be reached. Figure 5b plots the evolution of total energy
transported across the nanosheet per unit cross-sectional area over simulation time. Such linear
increase of total energy with simulation time suggests a steady and time-independent heat flux J.
The averaged heat flux J is calculated from the slope of the curve. The temperature profile along
nanosheet can be established by the temperature in each slab, which is determined by!!:

2
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In EQ. (3), M is the number of atoms in the slab, m; and p; represent the mass and momentum of
atom j respectively, and kg is the Boltzmann constant. The temperature gradient dT /dx is

calculated from the linear fit of the temperature in each slab.

Results and discussions
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Fig.1 Atomistic structures of the optimal match between graphene and h-BN grains in polycrystalline
heterostructures of graphene and hexagonal boron nitride. The GB is composed of hybrid CBN pentagon-
heptagon dislocations arranged in a periodic manner. The black box marks one unit cell of the GB. The
chirality of graphene and h-BN grains are featured by (ms, n1) and (my, no) as illustrated by the red lines. The

angles of mismatch between graphene and h-BN grains are « = 10.9°, 14.6°, 19.6°, 23.7°, 24.3°, respectively.

GBs connecting the heterogeneous grains in hybrid graphene and h-BN nanosheets have
been proposed to obey the light refraction theorem, where the ratio of cosines of the rotation
angles of graphene and h-BN should be equivalent to the ratio of the lattice constants of two
components“Yl. Such non-bisector GB composed of 5-7 defects has been demonstrated as an

optimal match between heterogeneous grains with minimal intrinsic strain and well-defined



electronic states in both theoretical and experimental studies.[?*1. In this paper, five armchair-
oriented CBN heterostructures with optimal asymmetric GBs are constructed as shown in Fig.1.
Compared to the straight symmetric GBs in pure polycrystalline graphene, GBs here are
composed of periodically arranged 5-7 pairs or a sequence of 5-7 clusters which are deviated
from the vertical. The rotation angles of graphene and h-BN grains connected by the asymmetric
GB differ. The angle of 5-7 pair deviating from vertical A@ is half of the angle of mismatch
between graphene and h-BN grains «. The rotation angles of the graphene and h-BN domains

along GBs are defined by vectors (m,,n,) and (m,,n,) respectively. Thus, the five non-bisector
GBs in Fig.1 can be represented by chirality (m,,n,)|(m,,n,), namely (4,2)|(3,3), (6,3)|(5,4),
(7,3)|(6,4), (8,3)|(7,4), and (11,4)|(10,5). The corresponding angles of mismatch between

graphene and h-BN grains connected by these five GBs are o =10.9°,14.6°,19.6°,23.7°,24.3°.
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Fig. 2 Comparisons between mechanical characteristics of planar graphene/h-BN heterostructure
embedded with asymmetric GBs of different angles under uniaxial tension perpendicular to GB. (a) The
stress-strain curves of hybrid CBN nanosheet with GB of different mismatch angles. (b) Evolution of ultimate
strength with the mismatch angle between graphene and h-BN grains. (c) Comparison of stress contours of ox

between hybrid nanosheets under the same strain.

Molecular dynamics simulation is adopted to examine the mechanical properties of these
heterostructures under uniaxial tension. In these simulations, periodic boundary conditions are
applied on the upper and bottom edges of the nanosheet while pulling is applied on the left and
right ends until complete failure (Fig. S1). The stress-strain curves are recorded as shown in Fig.
2a. The Young’s modulus is insensitive to the change of GBs while the ultimate strength and
failure strain show strong dependency on the angle of mismatch «. In order to investigate the
dependency of mechanical strength on GB, we plot the normal tensile strength as a function of
the mismatch angles as shown in Fig. 2b. The strengths are normalized by the calculated tensile
strength of pristine graphene for qualitative discussion. The normal tensile strength of
heterostructure increases monotonically with the angle of mismatch between graphene and h-BN
grains. Such positive correlation between the mismatch angle and normal strength implies an

effective and convenient method to manipulate the mechanical properties of hybrid nanosheets.
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Fig. 3. Snapshots taken from MD simulations at the onset of failure initiation in heterostructures under
horizontal pulling.



By studying the dynamic failure under uniaxial tension, it is observed that the failure
process always initiates from the GB and then propagation of crack leads to the ultimate failure
of nanosheet. Figure 3 shows the snapshots taken at the onset of failure initiation (The dynamic
failure process can be referred to Video S1-2). The failure process initiates from the bottom most
5-7 defects in the bottom most cluster of GB (6,3)|(5,4) and GB (8,3)|(7,4) GB while the failure
initiates from the upmost 5-7 defects in the cluster of GB (7,3)|(6,4) and GB (11,4)|(10,5)
(Pentagon down and heptagon up). Such failure mode reveals that GB, where failure initiates, is
the most vulnerable venue under tension. The strength of the optimal match between graphene
and h-BN grains can be analyzed from the perspective of stress distribution. Figure 2c shows the

stress contours of o, in a unit cell of the GB with different mismatch angles under given strain

£=0.2. For these heterostructures, the stress distribution at 5-7 defects shows a similar polar
nature as that of the 5-7 defects in pristine GB as reported by Wei et al®*’l. The strength of CBN
nanosheet under uniaxial tension along x-direction is governed by the peak value of stress

component o,, at GB where stress concentrations appear. The degree of stress concentration at

GBs decreases gradually with the increases of mismatch angle « due to the mutual interactions
between the polarized stress fields of 5-7 defects. As a result, the normal strength of GBs
increases with the mismatch angled.

In order to further verify the MD simulation results as well as the mechanism of the
monotonic increase of strength with mismatch angle, we adopted the classical disclination theory
for the stress field at the 5-7 defects of non-bisector GB. The disclination model has been applied
to explain the relationship between the strengths of GBs in graphene and the mismatch angles, as
well as the boundary structures in silicon, germanium, biomaterials and fullerenes.®” “°! Based

on the continuum mechanics, the strain component &, in graphene and h-BN domains under
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Fig. 4. The stress field of 5-7 defects in asymmetric GBs based on disclination theory. (a) 5-7 pair can be
treated as a pair of positive and negative disclinations. (b-c) The Cartesian system for the deviated 5-7 pair and
5-7 clusters in asymmetric GB. (d-e) show the distribution of intrinsic stress oxx at 5-7 defects in a unit periodic

of GB, and the evolution of the normalized peak stress in these contours with the mismatch angle of GB.

tension along x-direction can be expressed as:

&6 =06 BEg — V50,

()

€N = Oyan I Bgy = Ve Oy
where o, is the tensile stress along the direction of loading, E; and Eg, are Young’s modulus
of graphene while v, vy, represent Passion’s ratios. Since the nanosheets has periodic
boundary conditions along y-direction, the strain components &, in graphene and h-BN domains
equals zero, i.e., & =&, =0. Thus, we have:

Oye = V5Oyx Oyan = Van O (6)



which implies that the lattice mismatch only causes different normal stress in y-direction. The
normal stress along x direction is still uniform in the heterostructure. Thus, we adopt the classical

disclination theory to estimate the distribution of residual stress o, , which is crucial to the

strength of the nanosheet. Based on the disclination theory, the elastic stress field induced by a

positive wedge disclination residing at (0, y, ) is expressed as®":

_ OB YY) L )

o 2
A7 r 2

X

where E is the Young’s modulus, @ is the rotational strength of the wedge disclination. From a
geometrical perspective, a pentagon-heptagon defect resembles a disclination dipole where the
pentagon ring corresponds to a positive wedge disclination while the heptagon ring represents a
negative wedge disclination (Fig.4a). Building a Cartesian coordinate system at the center of the
critical pentagon-heptagon bond, the elastic fields of a disclination dipole with a positive

disclination residing at (x,,y,) and a negative one at (X,,y,) can be expressed as 5!l

E r _ 2 _ 2
0% Y X Yor X ¥,) = SE i o =0 (V=920 5)
47 ; | r,

where 1? =(x-x)"+(y-Vy,)°, r,7=(x=x,)>+(y-1Y,)*. As shown in Fig 4b, we use d to

represent the half-distance between the centers of positive disclination and negative disclination,

A& is the oblique angle of a disclination dipole which equals half of the angle of mismatch
between graphene and h-BN grains. Then, we have

X, =—dsinAf, y,=dsinAf, x,=dsinAf, y,=—-dsinAf. (6)

The stress distribution of GB residual stress is the superposition of the stress fields of 5-7

defects along the GB. For asymmetric GB composed of an array of disclination dipole clusters

which are evenly spaced by a periodicity L, the total normal stress at (x, y) can be expressed as



+00

o, = z o (X, ¥, X0, Yoy KL, X5, Y, +KL) (7

k=—00 n=1
where m represents the number of disclination dipoles in each cluster, (x,,,Y,,) and (X,,,Y,,)
are the coordinates of the nth positive and negative disclination in each cluster. Fig. 4c gives an
example of GB with 3 disclination dipoles in one cluster. Here, we choose the cutoff range for

the infinite summation in Eq. 7 as —30 <k <30 for numerical calculation. The change of the

numerical results is negligible when |k| > 30. Eq. 7 gives the expression of the residual stress o,

caused by the lattice mismatch at GB in a flattened heterostructure. Since the out-of-plane
corrugations of GBs can be suppressed by uniaxial tension, the ultimate strength of
heterostructure can be reflected from the degree of stress concentration calculated from Eq. 7.

Figure 4d plots the contours of residual stress o, in one unit cell of asymmetric GB. The

stress values are converted into dimensionless quantities by dividing wE / 4z for each GB. We
can see that the theoretical stress field is polarized at the defected regions which are similar to
the contours calculated from MD simulations. In addition, we find that the theoretical position of
the maximum normal tensile stress in one cluster is also consistent with the MD results as plotted
in Fig. 2. The stress distribution becomes more uniform with the increase of mismatch angle of
GB. Fig. 4e shows the comparison between the maximum stresses in these contours as a function
of the mismatch angle « . The maximum stresses are normalized by the maximum stress in the
contour of (4,2)|(3,3) GB. It can be seen that the residual stress in relaxed asymmetric GBs
decrease monotonically with the increase of mismatch angle between graphene and h-BN grains.
The asymmetric GBs with smaller intrinsic stress correspond to a higher tensile strength. Such
trend indicates that the stress distribution in GBs of large mismatch angle is more uniform than

that of GBs with smaller mismatch angle under the same strain. The stress distribution is



sensitive to the density as well as the arrangement of 5-7 defects along GB. Such trend is
different from the evolution of GB strength with the mismatch angle between two adjacent

homogeneous grains.
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Fig. 5. Effects of GB on the thermal transport efficiency of planar graphene/h-BN heterostructure. (a)
Illustration of the NEMD simulation for heterostructure of graphene and h-BN embedded with hybrid GB. (b)
Evolution of total energy transported across the nanosheet per unit cross-sectional area over simulation time.
(c-d) Comparisons between temperature profile as well as Interfacial conductance of asymmetric GB under
heat flux from graphene to h-BN and that of GB under opposite heat flux.

GBs have been revealed to affect not only the mechanical properties of polycrystalline
nanomaterials but also the thermal properties. Based on the molecular dynamics simulations, we
further study the dependency of thermal transport efficiency of CBN heterostructures on

asymmetric GBs. We first calculate the temperature profile in heterostructure using the non-



equilibrium molecular dynamics (NEMD) method as described in simulation methodology. The
black line in Fig. 5¢ shows the temperature profile of hybrid nanosheet under heat flux from
graphene to h-BN. In the case of hybrid nanosheet with asymmetric GB, the temperature profiles
in graphene and h-BN domains are linear while a sudden jump of temperature AT arises at the
GB. The thermal transfer efficiency of the GB between graphene and h-BN is evaluated by the
interfacial conductance (Kapitza conductance) G, which is determined by the equation:®?

_J
AT

(8)
where J is energy transported across the interface of graphene and h-BN grains per unit cross-
sectional area and unit time as defined by Eq. 2. The black line in Fig. 5d shows the calculated
interfacial conductance of asymmetric GBs when heat transfer occurs from graphene to h-BN. It
is noticeable that the interfacial conductance of GBs decreases monotonically with the mismatch
angles of GBs. The deterioration of interfacial conductance with mismatch angle can be
qualitatively interpreted by the density of 5-7 defects along GB. As mismatch angle a increases,
the hybrid GB has larger density of the 5-7 defects which act as phonon scattering centers during
the thermal transport. The increase of GB density results in more phonon scatterings, which lead
to the drop of interfacial conductance. As a consequence, the hybrid GB possesses a lower
interfacial conductance when the mismatch angle becomes larger.

We further consider the effect of GB on thermal transfer efficiency, which is found
sensitive to the direction of heat flux. The transfer efficiency of heat flux from graphene to h-BN
is different from that of heat flux from h-BN to graphene. The temperature profile of GB

(4,2)|(3,3) under thermal flux from h-BN to graphene are plotted by the red curve in Fig. 5c for

comparison. It is noticeable that the temperature drop AT is larger when heat transfers across



the GB from h-BN to graphene under the same temperature gradient. Fig. 5d further shows the
comparison between interfacial conductance of GB for opposite directions of thermal flux. The
transfer efficiency of CBN hybrid GBs from graphene to h-BN is always higher than that for the
opposite direction. Such asymmetric interfacial conductance suggests a crucial thermal
rectification at the interface between graphene and h-BN grains. In fact, thermal rectification has
been observed in asymmetric graphene nanoribbon experimentally™ and theoretically™*. Many
nanoscale systems are also reported to have high thermal rectification factor by molecular
dynamics simulations, including graphene Y-junction *°!, and surface functionalized graphene!*®.
In our simulations, the thermal rectification factor of asymmetric CBN GB is up to 15%, which
is higher than the reported rectification factor of asymmetric graphene GBEl, Such thermal
rectification of hybrid GB provides a possible design of planar heterogeneous sheet-based

thermal rectifier for the control of heat flux at nanoscale.
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Fig. 6 Phonon density of states for the interfacial atoms at the GB of graphene (black box) and h-BN

(red box).

In order to interpret the mismatch angle-dependence of interfacial conductance more
accurately, we carry out detailed analysis for the phonon density of states (PDOS) for interfacial
atoms of GB. From lattice dynamic point of view, the phonon transport across the interface
between two joining materials is strongly dependent on the overlap of phonon density of states
(PDOS) between them. The PDOS overlap between the interfacial atoms which belonging to the
adjacent graphene and h-BN grains is responsible for the interfacial thermal conductance of GB.
A high PDOS overlap between the interfacial atoms of two materials indicates that the phonons
pass through the interface more easily, i.e., a high interfacial conductance. For the hybrid

graphene/h-BN GB, the GB atoms are divided into two groups: interfacial carbon atoms of



graphene and the interfacial atoms of h-BN. As the snapshots shown in Fig. 6a, the carbon atoms
in black box are interfacial carbon atoms while the boron and nitride atoms in red box belongs to
h-BN. The PDOS of these two groups of interfacial atoms are calculated by the Fourier

transform of atom velocity autocorrelation function during equilibrium, and can be obtained by

D(w) = j (v(Hv(0)) exp(—ia)t)dt )

(v(0)v(0))

where @ is the frequency, v is the velocity of carbon atoms, <> denotes time and atom number-

averaged velocity autocorrelation function, 7 is the time duration for calculation. Fig. 65 shows
the calculated PDOS of these two groups of interfacial carbon atoms (black line) and boron
nitride atoms in GBs with different mismatch angle. It's noticed that carbon atoms and boron-
nitride atoms at the interface have a mismatch in PDOS. To quantify the overlap of PDOS, we

define the value of overlap (S) as

[ Dy(w)D, (w)dw
S=_% . (10)
jo Dl(w)dwj'o D, (w)dw

where D,(w), D,(w) represent the PDOS of two groups of interfacial atoms C and BN,

separately. The calculated overlap S for each group of PDOS between interfacial C atoms and
BN atoms are listed in tables of Fig. 6¢. Between the considered five groups of hybrid GBs, the
GB with mismatch angle o = 10.9° has the highest PDOS overlaps S, and the overlap decreases
with the increase of mismatch angle. Such comparison indicates that GBs with large mismatch
angle have the lowest interfacial thermal resistance than that of GBs with small mismatch angle,
which is consistent with the described interfacial conductance in Fig. 5d. Further studies on the
dependency of thermal conductance on orientation of GBs embedded in planar heterostructures

are expected.



Conclusions

In conclusion, we have studied the mechanical and thermal properties of GB in planar
heterostructure of graphene and h-BN. The strength of polycrystalline heterostructure has been
demonstrated to be governed by the asymmetric GB connecting graphene and h-BN grains. The
mechanical and thermal properties of asymmetric GB are found sensitive to the mismatch angle
between the chirality of graphene and h-BN grains. With the increase of mismatch angle, the
strength of GB increase anomalously with the density of 5-7 defects due to the interaction
between polarized stress fields of 5-7 defects. By idealizing the 5-7 defects as a pair of adjacent
positive and negative disclination cores, the stress field of asymmetric GB is successfully derived
using the classical disclination theory. The derived theoretical field not only agrees well with the
MD simulation but also provide insight into the anomalous mechanical property of GB. The
theoretical intrinsic stress of GB caused by the lattice mismatch show that the stress distribution
becomes more uniform under large mismatch angle. Decrease of stress concentration under
applied tension results in the improvement of ultimate strength and strain. The asymmetric
hybrid GB is also found to affect the thermal transport efficiency when heat flows across the GB.
By comparing the interfacial conductance of GB for opposite direction of heat flux, it is observed
that the efficiency of heat transport from graphene to h-BN is higher than that from h-BN to
graphene. Such thermal rectification suggests that planar heterostructure has potential application

for thermal control at nanoscale.
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Video S1 Dynamic failure process of symmetric GB (4,2)|(3,3) under uniaxial tension along x-

direction
Video S2 Dynamic failure process of symmetric GB (7,3)|(6,4) under uniaxial tension along x-

direction
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Fig. S1 Hlustration for the modelling of hybrid graphene/h-BN nanosheet under uniaxial tension along
horizontal direction and periodic boundary condition along top and bottom direction. (a) shows the
atomistic model for MD simulations, and (b) is the continuum model for the theoretical analysis based on

classical disclination theory.





