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The structure of grain boundaries (GBs) or interfaces between nano-forms of carbon determines their evolution into 3-D
forms with nano-scale architecture. Here, we present a general framework for the construction of interfaces in 2-D h-BN and
graphene in terms of (a) stacking faults and (b) growth faults, using first-principles density functional theoretical analysis.
Such interfaces or GBs involve deviation from their ideal hexagonal lattice structure. We show that a stacking fault involves
a linkage of rhombal and octagonal rings (4:8), and a growth fault involves a linkage of paired pentagonal and octagonal
rings (5:5:8). While a growth fault is energetically more stable than a stacking fault in graphene, the polarity of B and N
leads to the reversal in their relative stability in h-BN. We show that the planar structure of these interfacing grains exhibits
instability with respect to buckling (out-of-plane deformation), which results in the formation of a wrinkle at the grain
boundary (GB) and rippling of the structure. Our analysis leads to prediction of new types of low-energy GBs of 2-D h-BN
and graphene. Our results for electronic and vibrational signatures of these interfaces and an STM image of the most stable
interface will facilitate their experimental characterization, particularly of the wrinkles forming spontaneously at these interfaces.

Keywords: graphene, h-BN, interfaces, spectroscopic signatures, electronic structure, grain boundary

1 Introduction flakes (grains) of 2-D materials are stitched together through
non-hexagonal structural units (e.g. pentagon and heptagon
Fascinating properties of 0-D, 1-D and 2-D nano-forms of car-  pair®). In this work, we use the terms ‘interfaces’ and ‘line

bon have generated immense activity of research in the last defects’ to broadly represent GBs.
two decades. '3 Among these, graphene (the 2-D form) is the
mother form, which gives rise to other nano-forms through de-
formation or introduction of structural point defects (involving
pentagonal carbon rings). Of late, there have been efforts to
develop 3-D nano-structured forms of carbon that would open
up new domains of applications.*> To this end, understand-
ing of the structure of interfaces or extended line defects in
graphene is expected to be crucial. While 2-D h-BN is the
only other known material which is isostructural to graphene
(almost éattice matched!), iF exhibiFs rather different structural croscopy (TEM) and scanning tunneling microscopy (STM).
defects.” As a result, a Sth solutlo.n,. CX(_BN)I*X (CBN) be- Notable changes in electronic, 2127 mechanical,??° chemi-
tween h-BN and graphene is promising in the development cal® and magnetic3' properties of graphene have been re-

and engineering of 3-D materials with nano-scale architecture ported due to such structural changes at the GBs, though only

7
lt?ased 0? h-BN 'agd .graphene. To develop ;uch 3_? Nano-— 4 few reports are available on the analysis of GBs in h-BN and
orms of CBN, it is important to understand the interfaces or their effects on its electronic3? and magnetic>? properties.

GBs in h-BN and graphene on the same footing. Such inter-
faces are analogous to GBs (well known in the context of 3-D
crystalline materials), as they determine the way in which two

Line and point defects invariably occur during the synthe-
sis of these materials. They alter the local structural sym-
metry and can have interesting effects on their global prop-
erties, such as band gaps of h-BN.° Graphene and h-BN can
be synthesized via different techniques such as chemical va-
por deposition (CVD), chemical exfoliation, and electrochem-
ical reduction.!%!> The presence of point defects'®!3 and
line defects!'71%20 in h-BN and graphene is clearly evident in
detailed characterization based on transmission electron mi-

Liu etal.® have discussed dislocations and GBs in
monolayered h-BN, analysing square-octagon and pentagon-
heptagon pair dislocations and transformation reaction of GBs
Theoretical Sciences Unit, Jawaharlal Nehru Centre for Advanced Sci- for the tl,lt angle,v,arylng from 0° t.O 240°. T,helr work focused
entific Research, Jakkur, Bangalore 560 064, India. E-mail: wagh- on relative stability and electronic properties of these GBs.
mare@jncasr.ac.in Li eral.® have studied ‘By, N, and C, pentagon-octagon-
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pentagon (5-8-5)’ line defects in 2D h-BN, and explained elec-
tronic and magnetic properties associated with these defects
in h-BN. While the structural instabilities are associated with
Stone-Wales point defects?? and line defects3*>% are known
to give rise to buckling of the structure of graphene, analysis of
the structural instabilities associated with GBs or line defects
in 2D h-BN is lacking. Though Raman spectroscopic char-
acterization of defects in graphene has been quite effective, it
lacks the specificity with respect to the kind of defects which
requires the identification of specific vibrational signatures (if
any) of GBs. It is thus desirable to study structural stability
and spectroscopic properties of GBs in monolayer h-BN and
graphene in detail.

We present here a detailed structural analysis of extended
line defects or GBs in h-BN and graphene benefiting from the
ideas of growth and stacking faults that are well established
in metallurgy. This is expected to help understand how these
GB structures may form during growth of these materials in
experiments. The defect structures discussed in this article are
essentially 60° GBs3%37 and inversion domain boundaries .

We identify the signatures of these GBs in the electronic
and vibrational spectra. Our comparative analysis based on
first-principles density functional theoretical (DFT) calcula-
tions provide a unified understanding of the interfaces or GB
structures in h-BN and graphene. Our systematic scheme for
the construction of GBs in these 2-D materials allows us to
predict novel low energy interfaces. From their energetics,
we assess the relative stability of various GBs in these ma-
terials, and understand it in terms of the changes in bonding.
The structural instabilities and buckling (ripples and wrinkles)
of planar structures associated with these GBs are analysed
through a detailed study of their vibrational spectra. The spec-
troscopic signatures identified here would permit non-invasive
characterization of such interfaces using Raman and IR spec-
troscopies.

2 Computational methods

Our first-principles simulations are within the framework of
density functional theory (DFT) as implemented in QUAN-
TUM ESPRESSO (QE) package,> which employs plane
wave basis and pseudopotentials. We use a generalized gra-
dient approximation (GGA) of the Perdew, Burke and Ernz-
erhof (PBE)*° form of the exchange correlation energy func-
tional and ultrasoft pseudopotentials*! to represent the inter-
action between ionic cores and valence electrons. The plane
wave basis for representation of Kohn-Sham wavefunctions
and charge density has been truncated with energy cutoffs
of 30 Ry and 180 Ry respectively. We aided the conver-
gence to self-consistency by smearing the occupation numbers
with the Fermi-Dirac distribution function, with the smear-
ing width of 0.003 Ry. Structures have been relaxed through

the minimization of energy using Broyden-Fletcher-Goldfarb-
Shenno (BFGS) scheme, until magnitude of each component
of Hellman-Feynman force is smaller than 0.001 Ry/bohr. We
use a periodic supercell to model 2-D h-BN (monolayer) and
graphene. In order to ensure negligible interaction between
the nearest periodic images of the 2-D sheet, a vacuum of 15
A is introduced along c-axis. Integrations over the Brillouin
zone are sampled with a 4x3x1 uniform mesh of k-points for
a 3x4 supercell (rectangular supercell with 96 atoms, where
unit cell consist of 8 atoms) and a 2x6x1 mesh for a 7x2 (rect-
angular supercell with 104 atoms, where unit cell consists of
8 atoms) supercell for 4:8 and 5:5:8 GBs respectively. Vibra-
tional spectrum at the zone center I'-point is determined using
the frozen-phonon method with finite difference formulae and
atomic displacements of + 0.04 A.

To assess relative stability of GBs, we define their energy
per unit length as:

Eglg/g —N X Ebulk
l

Egp = (1)
where, Eg[g /e is the total energy of h-BN or graphene supercell
with a GB, Ej,j is the total energy of a primitive cell of h-BN
or graphene, and N is the number of B-N or C-C atomic pairs
in the supercell, and [ is the length of a GB contained within
supercell.

3 Results and discussion

3.1 Structure and energetics

In this section, we present detailed atomic structure of inter-
faces in 2-D lattices. There are many ways to construct inter-
faces *21-32:33 which are classified into two types: (i) a stacking
fault, in which a semi-infinite half of the 2-D lattice is in mis-
registry with the other half, and (ii) a growth fault, which is
associated with removal of a line of atoms (missed during the
growth of the lattice), as reported earlier for graphene?!. They
are essentially the inversion domain boundaries and 60° GBs.
The construction of their structure in h-BN and graphene, is
discussed below.

3.1.1 Stacking fault. A pure h-BN lattice with armchair
edges along d or £ is divided into two semi-infinite sheets
by a slip line (see Fig. la) parallel to d. A misregistry (or
slip) vector, Vv = 1.5b% (where, b = bond length) gives a dis-
placement of the upper half of the sheet with respect to the
lower half. With introduction of this fault, the neighbouring
atoms across the GB form homopolar (B-B and N-N) bonds,
which are chemically and energetically not favourable (Fig.
1b). Hence, a 180° rotation of the upper half lattice around
the y-axis (‘twist’) (Fig. 1c) is performed, so that the bonds
across the GB line are heteropolar (B-N) and energetically
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more favourable.*? As a result, a pair of one rectangular (B-N-
B-N) ring and one octagonal ring forms, and this structure is
labelled as a ‘4:8” GB. Because of the periodic boundary con-
ditions, two such 4:8 GBs are generated, one at the center of
the periodic supercell and another at its edge. Recently, a sim-
ilar GB has been reported theoretically,33 in which 4:8 GB is
created when two asymmetrical grains join with tilt angles of
0°, 120° and 240°. However, the resulting atomistic structural

(b)

e e

Fig. 1 Construction of 4:8 GB in h-BN (a) Pure BN lattice (pristine)
(b) BN lattice with stacking fault (c) BN lattice with GB twisting
and (d) Ground state structure of BN with 4:8 GB (grey shadow
shows the GB with octagons and rhombii). The bond length (b) and
angles /NBN (6;) and / BNB (65) are 1.45A, 98° and 82°
respectively after relaxation. Boron (B) atoms are shown in pink and
nitrogen (N) in blue.

changes at the GB have not been discussed. We present a de-
tailed account of how its structure and energetics evolve upon
relaxation. We find that the structure at the interface evolves to
interlinked rhombal and irregular octagonal rings, whose op-
posite sides are equal. The B-N bonds elongate from 1.44 A
(bulk h-BN) to 1.46 A (perpendicular to GB). The bond angles
6, and 6, of rhombii are 82° and 98° respectively as shown
in Fig. 1d. The stress on the system is zero (after complete
structural relaxation) for a defect concentration of 0.2/A (no.
of GB per supercell/distance between two GBs). Stretching of
bonds perpendicular to the GBs causes a slight compression of
hexagonal rings in the perfect honeycomb region connecting
two GBs. The calculated energy of the 4:8 GB is 0.48 eV/A,
in good agreement with earlier estimates (0.4-0.5 eV/A3%).

Similarly, the 4:8 GB in graphene is introduced with a mis-
registry vector ¥ = 1.5b%, which has energy of 0.74 eV/A for
defect concentration of 0.2/A. Upon structural relaxation, we
find that bond angles 0; and 6, are of 90° but the C-C bond
perpendicular to the GB weakens from 1.42 A (in pristine
graphene) to 1.47 A. As a result, we get interlinked rectangu-
lar and irregular octagonal rings at the interface. The 4:8 GB
is more stable in h-BN than in graphene because the hetero-
elemental sub-lattices facilitate formation of stable bonds at
the interface (which comes from the twist of a grain) in con-
trast to those in graphene.

3.1.2 Growth fault. In construction of a growth fault, we
consider two grains of a pure h-BN lattice obtained by cutting
across a dashed line along zigzag direction as shown in Fig.
2a, where grains or flakes are marked as 1 and 2. The two
grains are anti-symmetric across the dashed line. In grain 2,
each B atom is replaced by N atom and N atom is replaced
by B atom, such that a symmetric grains with the same polar
edges facing each other (Fig. 2b). To introduce a growth fault,
we (i) move grain 1 along x-direction such that boron atoms
at the edges of the two grains overlap along the dashed line,
and (ii) remove one set of boron atoms on this line. This re-
sults in a linear chain of rhombii (Fig. 2c) at the interface with
B atoms occupying sites at the GB. We ensure equal number
of B and N atoms in the supercell, by removing a line of N
atoms from the edge of the supercell. Because of the peri-
odic boundary conditions, another GB is thus generated at the
boundary of the supercell involving a chain of rhombii with N
atoms occupying sites at the GB (Fig. 2d). The relaxation of
this structure leads to the formation of a pair of two irregular
pentagonal rings with apex angles of 111° and one irregular
octagonal (with opposite sides of equal length) rings at the GB
(Fig. 2e). Thus, we label this as a ‘5:5:8” GB.

The interfaces with N-N and B-B bonds along the GB will
be referred to as ‘5:5:8 N-N’ and °5:5:8 B-B’ GBs respec-
tively. While the GB at the edge of the supercell is naively
expected to transform into a 5:5:8 B-B GB, it retains its ini-
tial structure with thombii (Fig. 2f), confirming the feasibility
of its occurrence in h-BN at 0 K. We label this GB constituted
purely of rhombii as a ‘4:4> GB. This GB transforms into 5:5:8
B-B GB at 1000 K as discussed theoretically by X. Li et al..®
Along the line of 4:4 GB at the boundary, N-atoms are coor-
dinated with four B-atoms saturating all its valence electrons
(energetically favourable), in contrast to B-atoms coordinated
with four N-atoms at the center of supercell. Hence, 4:4 GB
with B atoms at GB transforms into N-N dimer along the GB
(see Fig. 2e). To determine energy of each of these GBs, we
simulated BN ribbons containing these GBs at the center run-
ning along the length. From these simulations, the estimates
of energies of the 5:5:8 N-N and 4:4 GBs in h-BN are 0.77
eV/A and 1.87 eV/A respectively. To determine energy of a

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Construction of growth fault in h-BN (a) Pure BN lattice
(pristine) which can be thought as two grains are connected
perfectly along the dashed line (symmetrical grain boundaries with
opposite polarity grains). Grain 1 and grain 2 are marked by 1 and 2.
(b) Grain 2 is rotated by 180° along z-axis (tilt) with respect to grain
1 such that B-B bond forms perpendicular to dashe d line
(symmetrical grain boundaries with same polarity grains). (c) Grain
1 is moved along x-direction such that boron atoms perpendicular to
dashed line overlap with each other (one layer of boron atoms is
removed). A defect created at the GBs before relaxation (at the
center of supercell) (d) Chain of rhombii, GB generated at the edge
of the supercell (before relaxation). GBs are marked in shadow in
(e) and (f), which show structural modifications after relaxation.
Boron (B) atoms are shown in pink and nitrogen (N) in blue.

5:5:8 B-B GB, we interchange the B atoms and the N atoms
in the 5:5:8 N-N structure. The calculated energy of the 5:5:8
B-B GB is 0.65 eV/A, from which it is clear that the 5:5:8 B-B
GB is more stable than the other two (5:5:8 N-N and 4:4) GBs
in h-BN.

Similarly, a 5:5:8 GB can be created in graphene by the
introduction of a growth fault.?! We have repeated the cal-
culations of these GBs in graphene with the same type of
supercell as h-BN to facilitate direct comparison of energet-
ics. Similar to h-BN, there are two GBs: one at the edge
and another at the center of the supercell (chain of rhombii).

However, they evolve differently upon structural relaxation.
The GB at the center of the graphene supercell evolves into
a GB with a set of 2 irregular pentagonal rings with apex an-
gles, 112° and an irregular octagonal ring (Fig. 3a) i.e., the
5:5:8 GB. Interestingly at the boundary of the supercell, we

@ (b) (©
(d) O]

Fig. 3 Different GBs in graphene and h-BN (a) Structure of 5:5:8
GB in graphene. (a chain of a set of 2 pentagon and octagon falls
along the GB) (b) Structure of 6:5:8:4:8:5 GB in graphene ( two set
o f one pentagon and octagon oriented oppositely are connected by a
rectangle along the GB). (c) Structure of 4:8 GB in graphene (a
chain of a set of 1 octagon and rectangle). (d) Structure of
6:5:8:4:8:5 N-N GB in h-BN (two set of one pentagon and octagon
oppositely are connected by a rhombus along the GB). (e) Structure
of 6:5:8:4:8:5 B-B GB in h-BN (two set of one pentagon and
octagon oppositely are connected by a rhombus along the GB). Note
that in 6:5:8:4:8:5 N-N and 6:5:8:4:8:5 B-B two set of 5-8-4-8-5
polygons are connected by a distorted hexagon whose opposite sides
are B-B/N-N as highlighted in (d) and (e) by red circle. GBs are

shown by shadows. Boron (B) atoms are shown in pink and nitrogen
(N) in blue.

find a new type of GB with two oppositely oriented pentagon-
octagon pairs linked with a rectangular ring (Fig. 3b). This
GB is named as the ‘6:5:8:4:8:5° GB, in which we get irregular
pentagonal ring with apex angle 109 ° and irregular octagonal
ring. The energies of 5:5:8 and 6:5:8:4:8:5 GBs (using simula-
tions of ribbon) are 0.52 eV/A and 0.73 eV/A respectively (we
note that these estimates of energies include the energy cost
associated with dangling bonds formed at edge of ribbon). We
find that the 5:5:8 GB is lower in energy than the 6:5:8:4:8:5
GB indicating its greater stability in graphene. Our analysis
also shows that the 5:5:8 GB is more stable in graphene than
h-BN (see Table 1). The reason for this is the extra energy re-
quired for the formation of homo-elemental bonds at the GB
in h-BN. We explored the feasibility of 6:5:8:4:8:5 GB in h-
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Fig. 4 Vibrational density of states (Vdos) of perfect BN and BN with GBs. (a) Vdos of pristine and h-BN with 4:8 GB. (b) Vdos of pristine
and h-BN with 5:5:8 B-B GB. (c) Vdos of pristine and h-BN with 5:5:8 N-N GB. (d) Vdos of pristine and h-BN with 4:4 GB. Light brown
(orange) and blue denote the phonon density of states for pristine h-BN and h-BN with GB respectively.

BN and found two new types of GB structures (6:5:8:4:8:5 B-
B and 6:5:8:4:8:5 N-N). The structures of these GBs involve
a pair of pentagons and an octagon oppositely oriented, con-
nected by a rhombus and two sets of 5-8-4-8-5 polygons that
are connected by a deformed hexagon with B-B/N-N bonds
at the opposite sides (see Fig. 3d and e). The energies of

1.10 eV/A respectively, comparable to energy of other inter-
faces.

Table 1 Energies for different grain boundaries (4:8, 5:5:8, 4:4 and
6:5:8:4:8:5 GBs) in h-BN and graphene

Type of GBs System Energy

(eV/A)
4:8 h-BN 0.48
4:8 graphene 0.74
5:5:8 N-N h-BN 0.77
5:5:8 B-B h-BN 0.65
4:4% h-BN 1.87
6:5:8:4:8:5 N-N* h-BN 1.10
6:5:8:4:8:5 B-B* h-BN 0.79
5:5:8 graphene 0.52
6:5:8:4:8:5* graphene 0.73
*novel GBs

3.1.3 Relative stability of faults or grain boundaries.
We now discuss the relative stability of GBs in h-BN and
graphene, by comparing the energies of the same GB in these
materials. It is clear from our results (Table 1) that 4:8 GB
(stacking fault) is more stable in h-BN (Fig. 1d) than in
graphene (Fig. 3c), and it has the lowest energy, due to forma-
tion of the hetero-polar bond at the GB in h-BN. In contrast, a
growth fault (5:5:8 GB) is the most stable GB in graphene with
energy 0.52 eV/A. Similarly, the 5:5:8 B-B GB (growth fault)
is the most stable GB among all the growth faults in h-BN
studied here. While studying growth and stacking faults in h-
BN and graphene, we find four new GBs, which have not been
reported yet. The 6:8:5:4:8:5 GB in graphene has an energy of
0.73 eV/A, whereas 4:4, 6:8:5:4:8:5 B-B and 6:8:5:4:8:5 N-N
GBs in h-BN have energies of 1.87 eV/A, 0.79 eV/A and 1.10
eV/A respectively. The 6:8:5:4:8:5 GB is energetically more
stable in graphene than in h-BN, and 6:8:5:4:8:5 B-B is more
stable than the other two GBs in h-BN (6:8:5:4:8:5 B-B and
6:8:5:4:8:5 N-N). The 4:4 GB is relatively higher in energy
than any other GB in h-BN, suggesting low likelihood of its
occurrence.

3.2 Structural instabilities

Structural stability can be affirmed by showing that the struc-
ture is a local minimum of energy w.r.t. all structural distor-
tions. To this end, we determine long wavelength phonons of

This journal is © The Royal Society of Chemistry [year]
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the supercell (at I'-point). Vibrational density of states (Fig.
4) of h-BN with 4:8, 4:4 and 5:5:8 N-N GBs, reveal the pres-
ence of unstable modes (i.e. imaginary frequencies), whereas
5:5:8 B-B does not have any unstable modes, implying the
structure of h-BN with 5:5:8 B-B GB is stable, i.e. local min-
imum of energy. On the other hand, these unstable modes
conclusively show that the structure is not a local minimum of
energy, but is a saddle point. Eigen-modes of phonons with
imaginary frequencies in the vibrational spectrum of defective
h-BN involve atomic displacements that lead to out-of-plane
deformation along these interfaces (see Fig. 5a, b and 6a, b).

(d)

Fig. 5 Phonon modes constituting the structural instability of h-BN
with 4:4 GB (a), (b) Two views of atomic displacements of the mode
with a frequency ~375i cm ! (wave like deformat ion at GB). (c)
Freezing in the same mode leads to buckling of the sheet which is
centered at GB (side view of the sheet). (d) Top view of 4:4 GB
(which evolves on relaxation), which has two heptagons sharing a
B-B bond side connected with a rhombus. Boron (B) atoms are
shown in pink and nitrogen (N) in blue.

We distort the structure by freezing in small atomic dis-
placements corresponding to eigen modes of the lowest energy
unstable modes (strongest instability) (which are 53 cm™!,
375cm ! and 40 cm™~! for 4:8, 4:4 and 5:5:8 N-N GBs respec-
tively). The unstable modes of 4:8 and 4:4 GBs have oscilla-
tory deformation localized (like a wave) along the GB (Fig.
5a, b and Fig. 6a, b), whereas the unstable mode of 5:5:8 N-
N has deformation wave running along the edge of the ribbon
(not at the GB) (see Fig. 6¢ and d).

In the 4:4 GB, N-atom is coordinated with four boron atoms
through sp> bonding, hence it tries to deviate from planar to
tetrahedral structure. A set of two B-atoms placed opposite to
N atom tries to move in opposite direction to achieve tetrahe-
dral structure (see Fig. 5b). Upon structural relaxation, the
h-BN sheet with these GBs buckle, i.e., becomes non-planar.
Such buckling of the sheet reduces the energy of 4:8 GB by
19.5%. For this GB, the rippling amplitude (the difference
along the z-axis of the highest and lowest atom) is ~ 0.35 A,
which is quite sizable and should be readily observable. There
is not a considerable change in energy of 5:5:8 N-N GB due to
buckling even though its rippled structure has an amplitude of
0.42 A, suggesting a rather flat energy landscape of rippling.
Structural relaxation of h-BN with a 4:4 GB after freezing in
the displacements of lowest energy unstable mode, lowers its
energy by 39.5%. The resulting structure exhibits a wrinkle
(short length-scale deformation) at the interface (Fig. 5b). Its
structure (a chain of rhombii) evolves to a completely differ-
ent structure (a chain of two heptagons and a rhombus). In this
transformed structure, the two heptagons share a B-B bond as
one of its sides (Fig. 5d) and the rippling amplitude (1.6 A)
is quite significant. This deformation structure involving large
displacement of most of the atoms at the GB constitute a wrin-
kle (see Fig. 5c). Liu et. al®® have studied similar defect as
4:8 GB, but missed the deviation from planarity of asym-0°
(120° and 240°)33 GBs (4:8 GB in our case). In contrast we
find that h-BN with a 4:8 GB does show buckling and there is
noticeable reduction in energy by huge amount (19.5%).

3.3 Vibrational and electronic signatures

3.3.1 Vibrational signatures. The structural changes as-
sociated with these interfaces in h-BN are responsible for the
changes in vibrational spectra, which can be identified in Ra-
man and IR spectra. The unit cell of 2-D h-BN contains
two atoms, and belongs to the point group Dsj; and space
group (P62m). Its optical phonon modes are categorized into
A7 +2E’ modes, where mode A is IR active and an E’ mode
is both IR and Raman active (E’ is a doubly degenerate in-
plane bond stretching mode).** Our estimates of frequencies
of A} and E’ modes are 791 cm~! and 1382 cm ™! respectively,
which agree well (within 1%) with experimental values re-
ported earlier.** The frequency and eigen displacement of Al
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Fig. 6 Phonon mode which constitutes the structural instability of h-BN with 4:8 GB, two views of atomic displacements of the mode with a
frequency ~53i cm ! (wave propagates along th e GB) as shown (a) and (b). Phonon modes constitutes the structural instability of h-BN with
5:5:8 N-N GB, two views of atomic displacements of the mode with a frequency ~40i cm ! as shown in (c) and (d). Boron (B) atoms are

shown in pink and nitrogen (N) in blue.

and E’ modes are modified by these interfaces, due to struc-
tural modifications at their GB. To identify AJ and E’ modes
of the h-BN supercell with a 4:8 GB, we project its normal
modes (¢/,) onto those of pristine h-BN (ep), by calculating an
overlap matrix (S,v) given by,

Suv = (euley) @

The A7 and E’ modes of the defective h-BN are identified as
those having the largest overlap (|Syyv|) with the A} and E’
eigenvectors of pristine h-BN.

Due to the GB, the symmetry equivalence between x and
y directions in the hexagonal lattice is broken, and hence the
degeneracy of E’ mode is lifted. The A} mode softens by 14
em!, 10 cm™! and 14 em™~! due to 4:8 , 5:5:8 N-N and 4:4
GBs respectively (see Table 2). In presence of 5:5:8 B-B GB,
the AY mode hardens by 38 cm~!. The E’ mode softens by
21 ecm~! and 25 cm ™!, and hardens by 5 cm~! and 10 cm™!
due to 5:5:8 N-N, 5:5:8 B-B, 4:8 and 4:4 GBs respectively for

the vibration (in xy-plane) along the GB. The another in-plane
E’ mode softens by 26 cm™! and 3 cm ™! (not significant) and
hardens by 12 cm™! and 106 cm™! (significant) for 5:5:8 N-N,
4:4, 4:8 and 5:5:8 B-B GBs respectively for vibrations in the
xy-plane involving displacements perpendicular to the GB (re-
fer Table 2). Such shifts in frequencies can be observed exper-
imentally with IR and Raman spectroscopies. The softening
(hardening) of these modes is readily understood in terms of
stretching (contraction) of the in-plane (out-of-plane) bonds.

3.3.2 Electronic signatures. We now identify electronic
signatures of the lowest energy GB (4:8 GB) in h-BN through
comparison with pristine h-BN. Its electronic density of states
(DoS) reveals two extra peaks (Fig. 7a) at the valence band
maximum (VBM) and the conduction band minimum (CBM).
Further analysis of the charge density of these states indicates
that these electronic states are localized at the GBs, confirming
these extra peaks constitute characteristic signatures of the 4:8

This journal is © The Royal Society of Chemistry [year]
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Fig. 7 Electronic signature of 4:8 GB in h-BN seen in the density of states of (a) planar and (b) buckled (i.e. non-planar) structures (compared
with pure h-BN). Atomic structures juxtaposed on simulated STM images of planar (c) and non-planar (d) h-BN with 4:8 GB. (g) Buckled
h-BN sheet with different colors showing the extent to which different atoms displace out of plane.

GB. From the comparison of the electronic DoS of planar and induced charge accumulation is observed at B atoms whose

non-planar GB structures, a few extra peaks are evident in the
DoS of the non-planar structure, indicating a redistribution of
localized electronic states upon buckling.

To facilitate experimental observations and verification, we
obtain simulated scanning tunneling microscopy (STM)*? im-
ages. They were obtained keeping the tip at a constant height
of 1A above the surface of h-BN with a positive sample bias
of 0.8V with respect to the CBM. For a positive sample bias,

orbitals constitute the conduction band. Simulated STM im-
ages (Fig. 7c and d) highlight the difference between elec-
tronic structure of the planar and non-planar structures of the
defective h-BN. We notice that the bright features in the bulk
planar structure weaken upon buckling (clear from the STM
image of the non-planar structure), showing that charge accu-
mulation remains localized at the GB even after buckling.

8| Journal Name, 2010, [vol] 1-11
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Table 2 Vibrational spectroscopic signatures in the Raman and IR
active modes of h-BN with different GBs (4:8, 5:5:8, 4:4) and shifts
in frequencies (A@ in cm™ ') w.r.t. pristine h-BN

Pristine h-BN with  h-BN with  h-BN with  h-BN with
(h-BN) 4:8 5:5:8 B-B 5:5:8N-N 44

GB GB GB GB
(em™h (em™h (cm™h) (cm™h) (em™h
791 777 829 781 778
(IR active) (Aw=-14) (Ao=+38) (Aw=-10) (Aw=-14)
1382 1389 1392 1361 1357
(Raman and (A= +5) (Aw=+10) (Aw=-21) (Aw=-25)
IR active)
1382 1394 1379 1356 1488
(Raman and (Aw=+12) (Aw=-3) (Aw=-26) (Aw=+106)
IR active)

4 Conclusions

We presented a comparative analysis of changes in the struc-
ture and vibrational properties associated with two types of in-
terfaces categorized into: (i) stacking and (ii) growth faults in
h-BN and graphene. We demonstrated that a 4:8 GB (stacking
fault) is more stable in h-BN, while a 5:5:8 GB (growth fault)
is relatively more stable in graphene. We reported four new
types of GBs: 6:5:8:4:8:5 GB in graphene and 4:4, 6:5:8:4:8:5
N-N and 6:5:8:4:8:5 B-B GBs in h-BN. The 6:5:8:4:8:5 GB in
graphene, which is not reported so far, has the lowest energy
among all the four GBs, and should therefore be common and
relevant to experiment. Our work highlights the remarkable
diversity in the structures of grain boundaries even when the
angle between the grains is fixed at 60°.

Furthermore, our analysis of the lattice dynamical (phonon)
spectrum of the planar structure with these GBs (4:8, 5:5:8 N-
N and 4:8) revealed unstable modes, i.e. structural instabilities
with respect to buckling initiated at the interface. These lead
to formation of wrinkles (short length scale buckling) at the
interfaces and associated rippling (long length scale buckling)
of the structure, which are relevant to the evolution of nano-
forms to 3-D frameworks. Vibrational signatures identified
here, specifically hardening and softening (frequency shifts)
of A} and E” modes, will be useful in characterization of these
interfaces with IR and Raman spectroscopies. Electronic sig-
nature of the lowest energy 4:8 GB of h-BN is identified in
the additional peaks at the VBM and the CBM that are associ-
ated with charge accumulation localized at the interface, and
is accessible to STM.
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