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Abstract

Effects on atomic structure and electronic properties of two dimensional graphene (G)
and A#-BN sheets related to the coexistence of dopants and defects are investigated by using
density functional theory based methods. Two types of extended line defects are considered for
pristine G and A-BN sheets. In these sheets, the presence of individual doping increases the
charge transport character. Coexistence of dopants and defects tunes the band gap towards lower
values and cause the direct-indirect band gap change. The relative stability and the electronic
properties of various ByN,C, systems are analyzed in detail. We find that the structural properties
of these type systems strongly depend on the orientation of grain boundaries and whether these
are parallel or perpendicular to the extended line defects. The electronic structure analyses the

different systems evidences the existence of absorption shifts to the visible region.
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Introduction

Newly discovered low dimensional materials (LDMs) are transforming technology in a
variety of different fields going all the way from life sciences to energy and to advanced
materials. LDMs have one or more physical dimension(s) constrained to the nanometer scale.
This constraint implies electron confinement, a property that imparts LDMs new and unusual
properties as well as new opportunities for novel engineering applications.! Examples of LDMs
include two-dimensional (2D) nano-sheets which show a whole new range of properties when
compared to their three-dimensional (3D) bulk equivalents, with the change in properties arising
from quantum confinement and/or surface and interfacial effects.

Graphene”™ (2D nano-sheet) is often the inspiration and basis for most typical LDMs,
capable of generating quantum confined materials with a unique set of properties.*® Graphene
has risen as a fascinating system in condensed matter physics not only in fundamental science
but also technological applications.”® Graphene is a semimetal with band gap (E,) closing at 0
K, which prohibits switching off the graphene channels in field-effect transistors and building
functional junctions in graphene optoelectronics.” Efforts have been spent to create
semiconducting graphene materials that preserve its unique transport property. Since the
exceptional transport properties of graphene originate from its specific structure,'’ modification
of the graphene lattice at the atomic level is necessary to modify its electronic properties. To this
end, different schemes are proposed'''? with some involving growing graphene on substrates,

1419 and/or introducing strain effects on the graphene surface,?**'

doping among others. Each
experimental recipe has advantages as disadvantages, as recently discussed by Dvorak et al.’
Hexagonal boron nitride (2-BN) closely resembles elemental carbon structures by sharing

2224 The structural similarities

the same total number of electrons between the neighboring atoms.
between graphene and a A-BN allow to form essentially seamless in-plane hybrids with
continuously tunable BN:C stoichiometry.”® Also two dimensional graphene and A-BN structures
have become an important subject of research, owing to their mechanical strength and a rich
variety of physical phenomena connected to their electronic structures.” #-BNC is an interesting
structure that would enable tailoring of physical properties in graphene-based structures by
varying the ratio of BN and C in these materials. #~-BNC heterolayer structures were first
prepared in the about 20 years ago.”” All theoretical studies at various levels of theory *2® as

well as experiments®’ indicate that for the BN and C regions it is energetically favorable to
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completely phase separate in 2-BNC sheets. Composites of graphene and BN, usually referred to
as B,(NyCZ,3 0 containing these elements in varying proportions can lead to A-BNC networks and
photoluminescence measurements indicate that the gap appears to be smaller in carbon-rich
samples.”’

Obviously, synthesized graphene samples always contain defects of different types.”**>*
Defects in graphene break the symmetry of the infinite carbon honeycomb lattice®® and their
nature and concentration depends on the preparation methods. Thus, it is important to study the
different types of possible defects®®. One usually distinguish between typical, almost self-
defined, defects such as edges, grain boundaries, vacancies, implanted atoms, defects associated
to a change of carbon-hybridization and more complex structures such as inverse Stone-

3940 and nano-scale

Thrower-Wales defects,’’ hydrogen passivation,” boron and nitrogen doping,
holes creating graphene nano-meshes.*' Topological defects, defined as the introduction of non-
hexagonal rings in the carbon lattice preserving the connectivity of the network, play a very
important role in graphene and related nano-structures.*” Among topological defects extended
line defect structures provide a new set of building blocks for nano-materials that could lead to
new physical effects and device concepts.*’ The study of the corresponding electronic and
transport properties indicates that these linear defects behave as an effective inner third edge of

35, 46

the system and introduces a new channel for low energy electrons and, therefore, it is

important to learn how to introduce these defects in controllable ways,er Bookmarknot defined. py, o
controlled engineering of these defects represents a viable approach to create and nano-scale
control of one-dimensional charge distributions within widths of several atoms only.**

More recently, a bottom-up approach was used to create extended line defects (ELD) in
graphene sheet.*’ Here, the extended line defect contains octagonal and paired pentagonal sp’-
hybridized carbon rings embedded in a perfect graphene sheet; the resulting structure being
denoted as 585-ELD and this defect is precisely the origin of the one-dimensional metallic wire
character of the resulting sheet.*>*° Possible pathways for introducing ELDs involve implantation
of C, clusters in the perfect lattice’” or thermal annealing of the system with an array of atomic
di-vacancies. * Nevertheless, adsorption is also expected to induce useful modifications of
electronic properties of carbon based materials. *° Based on density functional theory

calculations, Li et al.”® have suggested that linear adsorption of ad-atoms can form a 585-ELD as

well as a N-doped 585-ELD.
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Clearly, 2-BN and 4#-BNC sheets, like any other real materials, are likely to also contain
structural defects. 2**" 1% These defects are often characterized by pentagonal, heptagonal or
octagonal rings in the hexagonal lattice and can be introduced to alter their properties for suitable
applications.'®***>*" The physical properties of these defects and defect concentration have also
been investigated in quite detail.>**>">® In the case of monolayer A-BN, the possibility of band
gap engineering by the introduction of zigzag-direction boundary has been recently considered.”
Due to the importance of grain boundaries (GBs) in future applications of 2D sheets, theoretical

d.®°" The effect of morphology and dopants on the 2D nano-

models have been considere
material properties has also been investigated rather extensively.'*'® - The effect of
substitutional B or N doping and BN co-doping in the energetics and electronic properties of
graphene with grain boundary defects have also been investigated'’ and the obtained results
indicate that the GB region presents the energetically most stable impurity sites for the
incorporation of single B or N atoms and also of the BN pair. First-principles calculations on the
electronic and magnetic properties of hybrid BN nano-ribbons and sheets with both zigzag and
armchair segments, which are joined by the 5—7 line defects, have also been recently reported®
showing that the 5—7 line defects in hybrid BN ribbons reduce the band gaps of perfect 2-BN
systems, and that the hybrid BN nano-ribbons with two hydrogen-terminated zigzag B edge
exhibit metallic — semiconducting — half-metallic behavior transitions as the number of zigzag
BN chains increases.

The review of the literature above reveals that a structural modification with some
embedded non-carbon atom chain (e.g., H, F, B, and N) is likely to allow one to tune the band
gap of graphene samples. Composites of graphene containing B, N and C in varying proportions
(BxNyC,) can result in hexagonal BNC networks with tuned band gap.30 Adsorption is also
expected to induce useful modifications of electronic properties of carbon based materials. A
class of 2D hexagonal graphene-like nano-structures such as embedded-line-defect in graphene

is produced through this approach.’”® Inspired by adsorption method™""

and the experimental
work of Lahiri et al.* suggesting the possibility of the line defect creation in graphene and that
this leads to new and interesting electronic properties, we present a systematic theoretical study
of this type of novel systems. To this end models of composite #-BN-graphene sheets (4-BxN,C,)

are constructed with 585-ELD and 5775-ELD defects.

Materials modeling
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Recently, based upon density functional theory based methods and molecular-dynamics
simulation a model for the 585-ELD has been generated by the incorporation of a C, ad-dimer

. . . . 1
above opposing bridge sites on a hexagonal ring of carbon atoms of G sheet, o™ Bookmark not

defined. B llowing this strategy, two kind of extended line defects with different ring size, namely
585-ELD and 5775-ELD, are generated in G and 4-BN sheets (see schematic representation in
Figure 1 and Figure 1S). The most significant difference between the procedure used to generate
the 585-ELD and 5775-ELD is the site at which C, ad-dimers are adsorbed. To introduce
pentagonal and octagonal rings on the G sheet, C, ad-dimers are added to every alternant
hexagonal ring of the G sheet, """ Beokmarknotdefined. pp o rogyting 585-ELD structure, denoted as

O-I (see also Table 1S) involves a pair of fused pentagons and one octagon rings.Frer Beekmark not

defined: 1) the present work C, ad-dimers are also implanted in hexagon rings separated by two
unmodified hexagon rings in the G sheet. The resulting structure now includes pentagonal and
heptagonal rings in such a way that two pentagons are fused and contains a double heptagon
ring. This is usually referred to as 5775-ELD or simply H-I as in Table 2S.

In the present work, periodic boundary conditions, both parallel and normal to the line
defects, are used which cause the line defects to be periodically repeated in the G sheet. Because
of the periodicity, the chain of C, ad-dimers implanted in the G sheet is parallel to a zigzag edge.
In the obtained periodic models, zigzag nano-ribbon like structures are produced which embed
the 585-ELD and 5775-ELD in the two dimensional G sheet. In a second step, the geometry of
the initial structures is optimized by appropriate relaxation of the atomic positions and of the unit
cell parameters as indicated in the next section. The C, ad-dimers in O-I and H-I structures
interact with the G sheet to form a backbone for adjacent 5-8 and 5-7 membered rings,
respectively. Since out-of-plane displacement of carbon atoms is easier than that within the
plane, the structure buckles at the line defects to efficiently release the compression (Figure 1S).
In the resulting energy optimized structure, all carbon atoms contribute to the m system which
give the G sheet much of its interesting charge transport character. Nevertheless, analysis of the
reconstructed structures show that when both the cell in the axial direction and the atomic
positions are allowed to fully relax, the corrugated O-I structure transforms to a flat 2D sheet
whereas the H-I structure remains corrugated. At this step, the cell parameter ‘a’ of the O-I

structure increases by ~1.40 A whereas the corresponding value for H-I structure just increases
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by ~0.11 A. For the O-1 and H-I structures, the C, ad-dimers bond length is ~1.44 A and ~1.42 A,
respectively.

The strategy outlined above has also been used to generate reliable models for the 585-
ELD and 5775-ELD in the A-BN sheet, the resulting structures are denoted as O-II and H-II,
respectively (Figurel). Similar to the situation encountered in its isoelectric G sheet counterpart,
the nano-ribbon like structure is generated in the defective 4-BN sheet. Here it is worth to
mention that incorporation of a BN moiety in #-BN sheet results in considerable tilting of the
initial defective structure which is well visible in Figure 1. The corrugation is maintained upon
relaxation of the atomic positions although relaxation of the cell parameters and atomic positions
finally lead to two dimensional flat and corrugated structures for O-II and H-II, respectively
(Figure 1). In the latter O-II structure, the cell parameter ‘a’ increases by ~1.77 A but for the H-II
structure the b’ cell parameter just increases by ~0.13 A. The added BN moiety directly binds to
the substrate until a final relaxed bond length of ~1.47 A is obtained for both O-II and H-II
structures.

Composite #-BN-graphene sheets (4-BxN,C,) can be also generated by adsorption of a
BN moiety in varying proportions on pristine graphene and defective graphene sheets. These
structures in principle provide the possibility of band gap engineering. Depending on the
orientation of the interface relative to the crystallographic axis of the G sheet, two broad types of
interfaces between the #-BN and graphene domains exist: an armchair-type interface (4) and a
zigzag-type interface (Z). The A interface is perpendicular to the ELD local site and the Z
interface is parallel to the ELD placement (Figure 2S). Therefore, two possibilities exist for BN-
doping in O-I and H-I structures; one from A4 interface and the other from Z interface. For this
reason we designate the BN-doped ELDs superlattices with rectangular shape as A-B.N,C,,
where x, y and z denote the number of B, N and C atoms, respectively. Similarly, the resulting
superlattices are denoted as 4-BxN,C, and Z-B,N,C, where, as mentioned above, the difference
between 4-B,N,C, and Z- B,N,C, derives from the BN-doped model at the 4 and Z interfaces.

For these four possibilities, namely 4-BN,C,-585 ELD, Z-B,N,C,-585-ELD, A-B:N,C,-
5775-ELD and Z- BN,C,-5775-ELD, different percentage of BN moieties is inserted. Note also
that, in all different BN-doped ELDs one has x=y. By considering the two 4 and Z interfaces and
different percentages of BN moiety 19 different structures have been generated and their

structure optimized. A summary of results is reported in Tables 1S and Table 2S where, for
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simplicity, the abbreviated notation for each structure is used. Figure 2 and Figure 3 show the
full relaxed unit cells, relative stability and band gaps of all mentioned structures.

To further clarify the issue we describe in detail the construction of different A-B,N,C,-
585-ELD structures. Doping the O-I unit cell with 34 carbon atoms is carried out in 5 steps. In
each step 8 carbon atoms of O-I structure are replaced with 4 BN moieties. The additional step
being related to doping of C, ad-dimers in the O-I structure. Table 1S shows the unit cell of all
fully relaxed G-585-ELD (O-1,) 4-B4sN4C16-585-ELD (OA-I), A-BsNsC»4-585-ELD (OA-II), A-
BoNy C4-585-ELD (OA-III) and 4-B;3N;3Cs-585-ELD (OA-IV) structures. A similar approach
was applied to build different BN doped defect-free graphene sheets (Table 3S and Table 4S).

Computational details

First-principles calculations have been performed using the density-functional theory
(DFT) scheme implemented in the PWSCF code of the Quantum ESPRESSO suite.”* The
generalized gradient approximation (GGA) exchange-correlation density functional ”* was
employed together with plane wave (PW) basis set, ultrasoft pseudopotentials (US-PP) ,”*"* and
a kinetic energy cutoff of 460 eV. The graphene (4#-BN or composite #-BN-graphene) supercells
with 585-ELD and 5775-ELD contains 34 and 50 B/N/C atoms, respectively. Defective
composite #-BN-graphene supercells differ in the size and in the arrangement of BN and
graphene domains are shown in Figure 2 and Figure 3. For Brillouin zones (BZ) integration, we
have used a I'-centered Monkhorst Pack’® scheme with different k&-meshes depending on the BZ
dimensions. Accordingly we have used 2 x 5 x 1 and 3 x 5 x 1 k-points meshes during the
geometry optimization for the all supercells including 585-ELD and 5775-ELD, respectively.
The energy convergence for all electronic steps was set at 10™ atomic unit.

Periodic 2D boundary conditions are considered along the growth directions of the
sheets, and a sufficiently large vacuum spacing of 20 A in perpendicular direction of surface was
used to prevent unwanted interactions between adjacent layers. To obtain a stable configuration,
structural relaxations were performed in two steps without any symmetric constraint. In the first
step the atomic positions are allowed to fully relax and in the second step both the cell along the
growth directions of sheets and the atomic positions are allowed to fully relax until the forces
acting on each atom are smaller than 0.001 eV/A. It is important to keep in mind that the ~ 1.8 %
mismatch between the cell parameters of graphene and 4#-BN sheets implies that, after full

relaxation, the different systems studied exhibit different cell parameters. Such two-step

7
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optimization setup is adequate for modeling defects and doped impurities in 2D systems with
covalent bonding.

All optimized structures were further characterized as local minima in the potential
energy surface by a proper vibrational frequency analysis. This analysis carried out by the
numerical calculation and diagonalization of the Hessian matrix, constructed from finite
differences of analytical gradients. The elements of the Hessian matrix have been obtained by
calculating energy changes due to independent displacements of every atom in the system by
0.03 A in each direction of the unit cell vectors. In order to calculate transmission, the maximally
localized Wannier functions (MLWFs) centers for occupied ¢ bands are chosen at every bond
center and the centers of the MLWFs for 7 bands are considered on every B/N/C atoms for the
candidate structures.

To investigate the stability of the proposed structures we rely on the cohesive energy

defined as’’:
E = (=Epwc. T XEp + YEx + zEc)/Nat, (1)

where Eg.,c., Es, En and Ec are the total energies of the composite 2-BN-graphene systems, free
B, N, and C atoms, respectively, and x, y, and z are the number of B, N, and C atoms in the
supercell, respectively, and Nat stands for the total number of atoms in the supercell. Finally, the
electrostatic potential surface, EPS, was calculated in order to explore intramolecular properties
such as the charge distribution, which shows how the reactivity of the pristine G is affected by
the coexistence of extended line defects and BN moiety doping.

To evaluate the adequacy and accuracy of the computational procedure outlined above,
structural and electronic properties of pristine G and 4-BN sheets have been computed and band
structures, density of state (DOS), projected density of state (PDOS) on atoms, valence band
edge state (VBES), conduction band edge state (CBES) and EPS have been obtained (see Figure
3S). The optimized bond length of graphene (1.42 A) and of 4-BN sheets (1.45 A) are in good
agreement with the experimental results of 1.42 A for graphene and of 1.44+0.1A for h-BN
monolayer’®. The analysis of cohesive energy values shows that graphene (8.98 eV/atom) is
more stable than a #-BN monolayer (8.6 eV/atom), in agreement with previous theoretical
values.”’

Although the two ideal structures are isoelectronic, their electronic properties are, not

unexpectedly, quite different. The shapes of the VBES and CBES states of G sheet are
8
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symmetrical but in the 4-BN sheet, due to different electronegativities of B and N atoms, the
shapes of the VBES and CBES states are asymmetrical (see inset of Figure 3Sa and Figure 3Sb).
Such a special characteristic of #-BN monolayer results in the opening of a large energy gap. The
DOS in Figure 3Sc shows that pristine G behaves like a zero-band-gap semiconductor whereas
the calculated band gap of a #-BN sheet is 4.65 eV which, again, is in agreement with previous
theoretical works, ”° but it is smaller than the 5.97 eV value obtained from experiments on bulk
h-BN®™ which is to be expected from the well-known trends in band gaps predicted by GGA
functionals.

The electrostatic potential surface of pristine G and a #-BN sheets mapped onto electron
density with isodensity values of 0.04 a.u. (Figure 3Se and Figure 3Sf). The regions of pristine G
sheet with negative EPS actually reveal the sigma bonding between C-C atoms whereas the
positive regions display m system. The calculated EPS of pristine #2-BN monolayer (Figure 3Sf)

shows that charge densities are clearly separated, indicating that there is no resonance effect.

Results and discussion
Atomic and electronic structure of 585 and 5775 defective graphene

Following the idea of the construction of extended line defects in graphene, we first
discuss the results for fully relaxed O-I and H-I structures. Within the unit cells employed to
represent each systems, the calculated cohesive energy of O-I structure (~8.83 eV/atom) is lower
than for H-I structure (~8.88 eV/atom) and not too far from the corresponding value for graphene
(8.99 eV/atom) thus reflecting the strong stability of these ELDs. Note, however, that the present
calculations predict H-I structure to be about 0.05 eV/atom more stable than O-I structure which
has been synthesized”. The structural stability of these structures has been confirmed by
pertinent frequency calculations. The full relaxed geometry of the O-1 and H-I structures as
predicted from the DFT based calculations are shown in Figure 2 and Figure 3. Even if G keeps
its planar structure after implantation of the 585-ELD, the geometry optimization showed that
when C; ad-dimers incorporate above opposing bridge sites on a hexagonal ring of carbon atoms,
the G surface becomes distorted and pentagon, hexagon and octagon regions are forming in the
sheet parallel to zigzag edge (Figure 1S). Due to the fault growth, the bond angles at the O-I
structure are changed to ~141.97", ~136.30", ~125.42" in octagon and ~109.01°, 104.71 and
112.55" in each pentagon rings. The C-C bond lengths around the 585-ELD elongate from 1.394
to 1.47A in different rings, which is still comparable to the bond length of 1.42 A of C-C in

9
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pristine G. These values further indicate that all the carbon atoms show C—C bond lengths and
angles that consistent with a sp® hybridization. For the relaxed H-I structure, the dihedral angle
for C—C double bonds becomes nonzero; the perpendicular spacing between the highest and
lowest carbon atoms being of ~2.7 A. Other structural results are rather similar to those found in
O-I structure. To investigate the effect of 585-ELD and 5775-ELD on the electronic properties of
graphene, the calculated band structure, DOS, EPS, VBES and CBES stats of the O-I and H-I
structures have been obtained and analyzed (Figure 4a-4i). Although both O-I and H-I structures
consist of sp2 (three-fold coordinated) C atoms, the electronic structure of the extended line-
defective graphene is remarkably different from that of a defect-free G sheet. As can be seen
from Figure 4a, the O-I conduction band flattens around the I' point, in the center of the O-I
structure Brillouin zone, which is not observed in the case of H-I structure (Figure 4c). As
reported in previous work,”' this flat band of O-I structure is empty. In order to confirm the
empty character of the flat-band state around the I' point we have calculated the quantum
conductance of O-I and H-I structures from I' to X high symmetry points using the MLWFs
(Figure 4S). Our calculations show that, because of positioning the empty flat band around I"
point at the Fermi level, the quantum conductance in O-I structure is zero. In contrast the
conductivity of H-I structure around I" point at the Fermi level is not zero as expected from the
lack of the flat band.

Previous computational studies reported that monolithic ridge of defects could be used to
influence the direction of charge transport eventually leading to nanowires in graphene-based

. 37, 55
electronics.>”

The analysis of the charge density distribution at the Fermi level reveals a
directional localized and delocalized form for O-I and H-I structures, respectively. Accordingly
the localized nature of embedded 585-ELD in monolithic G sheet generates a perfect one-
dimensional metallic wire. In contrast to the O-I structure, delocalized nature of H-I states lead to
a non-directional two dimensional metallic defective G sheet. Contrary to O-I structure where the
585-ELD has metallic nanowire character, 5775-ELD in the graphene sheet causes peculiar
metallic nanosheet for the H-I structure. This point of view is reinforced from the VBES and
CBES of O-I and H-I structures displayed in Figure 4g and Figure 4i.

To further analyze the electronic structure features of these ELDs, the EPS of O-I and H-I
structures (Figure 4b and Figure 4d) are compared to that of G (Figure 3Se) sheet. The similarity

in the EPS for these three structures is consistent with the sp” hybridization of carbon atoms. A

10



Physical Chemistry Chemical Physics

similar comparison between the DOS of G, O-I and H-I structures at the Fermi level (Figure 4f)
shows that accessible density of states at the Fermi level for the O-I structure is higher than the
H-I one; in other words, the O-I structure has more metallic character than the H-I one. Qin and
et al.*! found that the main contributions to the states around the Fermi level originate from the
C(2p) orbitals at the line defect with negligible contribution from atoms which are far away from
the defect which is in agreement with the finding of Lahiri et al.* These findings are consistent
with present results are illustrated by the PDOS for 2p orbitals of all C atoms of O-I and H-I
structures at the Fermi level which are shown in Figure 5a and Figure 5b, respectively. The
implications of these results are that incorporated C, ad-dimers, which are located along the line
defects, have major participation in metallic behavior of the O-1 and H-I structures. This
observation confirms the localized and delocalized nature of the charge density distribution in

the O-I and H-I surfaces, respectively (Figure 5a and Figure 5b).

Atomic and electronic structure of 585 and 5775 defective 4-BN

Similar to previous section, the 585-ELD and 5775-ELD are embedded in the 4#-BN sheet
by incorporation of a BN moiety. This becomes possible simply by positioning the BN moiety
every two or three periods of the of #-BN monolayer above opposing bridge sites on a hexagonal
ring as above described (Figure 1). Unlike in the case of pristine G sheet, the symmetry of the
heteroatomic unit cell of #-BN monolayer sub-lattice is broken and, as a result, the 585-ELD and
5775-ELD embedded structures are asymmetric too (for simplicity this kind of defect embedded
structures are denoted as O-II and H-II as in Table 1S and Table 28, respectively). Both, O-II and
H-II structures terminations have N-rich and B-rich zigzag edges (Figure 2Sc and Figure 2Sd).
The O-II structure is composed of one asymmetric octagon ring which includes B-B and N-N
homopolar bonds and six B-N bonds. The optimized bond length of homopolar B-B and N-N are
1.664, 1.45A, respectively whereas those of the six B-N bonds are in the 1.42-1.49 A range. The
bond angles of the asymmetric octagon ring vary between 124™-143°. This asymmetric octagon
ring causes the four linked pentagon rings to be asymmetric too (Figure 2Sc and Figure 2Sd).
Note, however, that the four pentagon rings have different atomic environment. In H-II structure,
two heptagon rings are different, one of them having one B-B homopolar bond and six B-N bond
with bond length of 1.63A and 1.43-1.524, respectively, and the bond angles being in the 116 -
130" range, all consistent with sp® hybridization. The other heptagon ring consists also of one N-

N homopolar bond and six B-N bonds but the former has 1.44A bond-length and the latter are in

11
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the 1.44-1.52A range as in the first heptagon. This is also the case for the bond angles which are
in the 120-131 interval. It is clear that asymmetry causes the four connected pentagons to be
structurally different.

The analysis of the electronic structure can be easily carried out from the band structure,
DOS, VBES and CBES plots of O-II and H-II structures depicted in Figure 6. The DFT based
method predicted band gaps show significant differences with respect to the case of the pristine
h-BN sheet. Here, the generation of some corrugated and/or flat bands near the Fermi region of
O-II and H-II band structures implies that the direct 4.65 eV band gap of pristine #-BN sheet can
be tuned to indirect band gap of 2.75 and 3.21 eV in O-II and H-II structures, respectively.
Hence, the present model calculations predict that 585-ELD and 5775-ELD embedded in pure 4-
BN sheet transforms the insulator character of the pristine #-BN sheet; which is suitable for
ultraviolet adsorption, to clear semiconducting materials which are suitable for visible-light and
ultraviolet adsorption regions, respectively. The valence and conduction band edge states of the
O-II and H-II structures in DOS illustrate the reduction of band gap of these ELDs with respect
to pristine A-BN sheet (Figure 6f). This means that the charge transport character of these
structures is enhanced.

Compared to the delocalized nature of the VBES and CBES states of pristine #-BN sheet
in which VBES states placed on N atoms and CBES states placed on B atoms, the VBES and
CBES states of O-II and H-II structures are localized across the ELDs. Therefore, these kind of
line defects cause the generation of perfect one-dimensional semiconductor wires with different
properties, embedded in the perfect #-BN sheet. The contribution of B and N (2p) orbitals of the
O-II and H-II structures to gap opening is clear from the corresponding PDOS. Figure 7 shows
that the incorporated BN moiety 2p orbitals, located along the line defects in both O-II and H-II
structures, have a minor portion in semiconductor character of systems.

Regarding the stability, DFT based calculations show that, in spite of homopolar (B-B
and N-N) bond frustration in O-II and H-II structures, the cohesive energy of the O-II and H-II
structures — ~8.47 eV/atom and ~8.46 eV/atom, respectively — are still close enough to the
~8.60 eV/atom value for pristine #-BN sheet. The prediction of two structures with nearly similar
stability and different band gaps provides opportunity for application in different electronic
devices.

Structural and electronic properties of 585 and 5775 defective h1-BNC

12
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Encouraged by the idea of finding a potential application for the ELDs, we consequently
extend the investigation to G with potential sub-lattice symmetry breaking by BN-doping. The
preparation of BN-doped defective G sheets with two 4 and Z interfaces have already been
described in the material modeling section. Here we recall that 19 different structures exist with
different percentages of B, N and C atoms. The ring labels of the 34-atoms unit cell for O-I and
50-atoms unit cell for H-I structures are depicted in Figure 2Sa and Figure 2Sb, respectively.
From the figures it is clear that symmetry breaking of O-1 and H-I structures by BN doping in
two A and Z directions is likely to introduce vivid changes in electronic and structural properties.
To verify that this is the case, we calculated the length of the circumference (L.) circumscribing
(Figure 2Se) all rings in BN-doped O-I and H-I structures. This structural quantity can provide
useful information on the properties of doped moieties in A and Z directions. Note that, as a
consequence of mirror symmetry in both O-I and H-I structures, the rings that are symmetrical
relative to the line defects axis have the same circumference in both O-I and H-I structures
(Figure 5S). A detailed investigation of the L. values for defective and doped structures in two A
and Z interfaces shows a particular regularity between L. values in these two directions. This
regularity is displayed in Figure 8 for four A-BN-doped O-Is, Z-BN-doped O-Is, 4-BN-doped H-
Is and Z-BN-doped H-Is. To better understand the information provided by L., let us have a
close look to the observed regularity for all armchair and zigzag BN-doped 585 ELDs. When
BN-doping starts from the A4 direction the trend in L, shows a correlation following the (1—14) ,
(2—15), (3—12), (4—13), (5—10) and (6—11) sequence (Figure 8a) where the numbers in this
sequence are taken from the ring labels in Figure 2S. Likewise, when BN-doping starts from the
Z direction, the correlation sequence is (1—2), (3—4), (5—6), (10—11), (12—13) and (14—15)
(Figure 8b). In the latter and former cases correlated rings are parallel and perpendicular to the
extended line defect orientation, respectively. This observation indicates that replacement of C
atoms by a BN moiety in both O-I and H-I structures in A (£) direction induces a correlation
between the rings in the A(Z) directions. In order words, in spite of C-C substitution by BN
moiety, the long range symmetry is maintained.

To inspect the relative stability of the BN-doped ELD structures, the cohesive energy
values have been calculated as in Equation 1 and plotted in Figure 2 and Figure 3 taking that of
G sheet as reference. The plots in these figures reveal that, among the nineteen studied structures,

O-I and H-I are the most stable structures. Increasing the fraction of BN moiety up to ~75%
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atoms of supercell (OA-IV and OZ-III of Figure 2 and HA-III and HZ-IV of Figure 3) leads to
decrease in stability. However, replacement of all atoms in A directions leads to a structure (O-II
of Figure 2 and H-II of Figure 3) which is more stable than the defective composite /#-BN-
graphene sheet with 75% BN atoms. However, stability decreases for the full replacement of
atoms in the Z direction. Intermediate geometries in both cases can be regarded as being
metastable doped and defective structures. This is not unexpected since the atomic arrangement
with the lowest formation energy have strong preferences for C—-C and B-N bonds whilst are
unfavorable for B-C, C-N, B-B, and N-N ones.® The stability transition as a function of B and
N chemical potentials has been reported by Gomes et.al.* These authors predict that fine tuning
the chemical potentials may lead to the structures with low stability,” a result which may pave
the road to production of the intermediate metastable structures analyzed in the present work. In
general the Z-BN-doped O-I and H-I structures are more stable than 4-BN-doped O-I and H-I
structures.

The predicted band gaps for all BN-doped O-I and H-I structures are also collected in
Figure 2 and Figure 3. The O-I and H-I structures have already metallic character with a zero
band gap. The capability of BN moiety to tune the band gap of graphene was confirmed many
times starting from the pioneering work of Giovannetti et al."’ long time ago. However, to
investigate the behavior of embedded C,-addimers in BN-doped graphene sheets is also
necessary. When ~25 (~60) % of carbon atoms of O-1 (H-II) structure are replaced by BN
moieties in 4 direction, OA-I (HA-II), the band gap goes to 0.78 (1.12) eV. When the
incorporated C, ad-dimers, which are located along the line defect, are replaced by BN moiety
leading to OA-II (HA-III) structure, the band gap further raises to 1.11 (1.19) eV. It means that
due to this structural transformation (OA-I to OA-II) or (HA-II to HA-III) a band gap opening
exists. In contrast, increasing the fraction of BN moieties -~0.50 (~50) %- of carbon atoms of O-I
(H-I) structure in Z direction, OZ-II (HZ-II), the band gap goes to 0.00 (0.17) eV. In this
structure when the incorporated C, ad-dimers, are replaced by BN moiety (leading to OZ-III
(HZ-III) structure), the band gap goes 0.00 (0.16) eV. It means that due to this structural
transformation (OZ-II to OZ-III) or (HZ-II to HZ-III) there is not clear band gap variation. In
other words, the behavior of embedded C, ad-dimers in BN-doped graphene sheets strongly
depends on the BN doped moiety in A or Z direction. When the BN-doped neighboring atoms of

defective structures are in the A direction, BN doped of embedded C,-addimers causes a band

14
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gap opening, but when the BN-doped neighboring atoms of defective structures are in Z
direction, BN doped of embedded C,-addimers does not have a clear effect into the band gap
opening. Obtained results show that the gap opening of O-1 and H-I structures due to BN doping
is closely correlated with doping direction in 4 or Z. In general, the gap opening in Z direction is
smaller than in A4 direction and independent of the defect. This is clear from the comparison of

the structures with the same defect content in 4 and Z directions.

To clarify the coexistence of dopants and defects we have performed a detailed analysis
of the individual role of the dopants and defects. In this respect, a set of calculations has been
carried out on defect free BN-doped graphene sheets. Figure 6S and Figure 7S show the
optimized unit cells, relative stability and band gap of the later structures. Obtained results are
compared with the results of the defective BN-doped graphene sheets. A comparison of the
individual effects clearly indicates that the trend in band gap changes and stability of defect free
BN-doped graphene sheets are practically identical to defective BN-doped graphene sheets. A
net effect of doping in the direct band gap opening of the defect-free graphene sheets by doping
in both 4 and Z directions is clearly observed. Obvious differences are related to the type and
extent of band gap opening. To illustrate the differences we have selected eight defect-free and
defective structures with the same BN content (Figure 9 and Figure 10). Analysis of the selected
defect-free and 585 defective BN doped graphene sheets in Z or 4 direction reveals that the
existence of defects in BN-doped graphene sheet induces a reduction of the band gap with
respect to the defect-free BN-doped graphene sheet and the change of direct band gap to indirect
gap (Figure 9). A similar trend exist in the 5775-ELD but in this case by increasing the

concentration of BN doping there is not explicit direct-indirect gap variation (Figure 10).
Conclusions

In the present work density functional theory based calculations and suitable models have
been used to examine the coexistence of dopants and defects in graphene (G) and graphene-like
h-BN sheets. The most stable structures have been determined by full geometry optimization on
periodic slab models featuring embedded 585 and 5775 extended line defects in G (O-I and H-I
structures, respectively) and a series of structures with different content of BN. Defective
structures have been generated by introducing C, ad-dimers (BN moiety) to the G (4-BN) sheet

in two different positions. The C, ad-dimers (BN moiety) show a high tendency to embed into
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the G (A-BN) sheets and the resulting two one dimensional extended line defects contain double
pentagon—octagon rings (O-I structure) and double pentagon—double heptagon rings (H-I
structure) with flat and corrugated structures, respectively. 5775-ELD in G sheet exhibits
delocalized VBES and CBES across the sheet near the Fermi level. Therefore H-I structure is
classified as metallic nano-sheet.

To the best of our knowledge there is no information about the electronic properties of
the embedded 585-ELD and 5775-ELD in A-BN sheet. Nevertheless, the present calculations
indicate that O-11 and H-II structures are semiconductors with 2.76 and 3.22 eV indirect band
gap, respectively. In comparison with the pristine #-BN the band gap of O-II structure is shifted
towards the visible region whereas that of H-II structure reaches the ultraviolet region. The
analysis of the VBES and CBES around the I' point shows a localization region across line
defects for both O-II and H-II structures. Therefore O-II and H-II structures classified as
semiconductor nano-wires with different band gaps. A deeper inspection of the electronic
properties reveals that in the transition from semimetal in G to metal in the defective G (O-I and
H-I) sheets, the incorporated C, ad-dimers along the extended line defects play a crucial role. In
a similar way, BN moieties along the extended line defect have essential role in the transition
from insulator (4-BN sheet) to semiconductor (O-II and H-II structures) character.

Extensive analysis of the BN doped defective G (O-I and H-I) sheets with different BN
concentration reveals different properties of these systems in the 4 and Z doped interfaces. By
doping in the 4 (Z) direction the symmetry of the pristine defective graphene sheets are affected
in vertical (horizontal) direction which is the cause to altered electronic properties. Accordingly,
BN doped O-I and H-I structures in to 4 and Z directions yield metallic or semiconducting
behavior with a band gap in the 0.00-2.76 eV and 0.21-3.22 eV range, respectively.

The calculated cohesive energy values for O-1 and H-I structures indicate a strong
stability, although the result show that H-I structure is about 0.05 eV/atom more stable than O-I.
Interestingly, the less stable O-I form has been produced experimentally®® which provides a
bright prospect to experimental synthesis of H-I structure in the future. In addition, the cohesive
energy per atom of all fifteen BN-doped structures (with a specific percentage and direction of
interface between BN and G sheets) show that the relative stability of BN-doped ELDs decrease
when the BN concentration becomes ~75% and that, in both O-I and H-I structures, the Z-BN-

doped structures are more stable than the 4-BN-doped ones. It is interesting to note that it has
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been suggested that fine tuning of the B and N chemical potentials may lead to the structures
with low stability,* a result which may pave the road for producing the intermediate metastable
structured studied in the present work.

It should be emphasized that 585-ELD and 5775-ELD cause an increase in charge
transport property or on the other word band gap reduction. And BN dopants cause to increase
the bans band gap which is well known behavior for this dopant in graphene sheet. Coexistence
of these phenomena and their mutual interactivity are behind the appearance of an average value
for the band gap in comparison with the individual band gaps. Finally it can be concluded that
mutual cooperation of dopants and defect tune the band gaps towards lower values and change
the direct band gap to indirect regardless of dopant concentration in 585-ELD structures.
However, in the 5775-ELD structures the change from direct to indirect gap depends on the
dopant concentration. These results indicate the need for further studies with larger and diverse

sheets, these are necessary to find an extended model for the dopant-defect correlation.
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Figure Legends

Figure 1. Top and side views models of initial, relaxed atomic positions and full (atomic
position and cell parameters) relaxed structures of BN moiety linear adsorption on #-BN sheet

for embedded 585-ELD (a, b, ¢) and 5775-ELD (d, e, f) structures, respectively.

Figure 2. Relative cohesive energy per atom with respect to graphene sheet with the same
atomic content, band gap and full relaxed unit cells of O-I structure and its different BN-doped

structures in two A and Z directions.

Figure 3. Relative cohesive energy per atom with respect to graphene sheet with the same
atomic content, band gap and full relaxed unit cells of H-I structure sheet and its different BN-

doped structures two 4 and Z directions.

Figure 4. Electronic band structures of (a) O-1 and (¢) H-I structures, EPS plots mapped onto
electron density values with isodensity values of 0.004 a.u. of (b) O-I and (d) H-I structure,
VEBGS of (e) O-I and (g) H-I structures, CEBS of (h) O-I and (i) H-I structures, respectively,
(f) The total density of states for O-I, H-I, and G structures, respectively.

Figure 5. Magnitude of projected density of state of 2p orbitals of C atoms at the Fermi level for
(a) O-I and (b) H-I structures, respectively. The highlight bars in plot are corresponding with
highlight atoms in the unit cell.

Figure 6. Electronic band structures of (a) O-II and (c) H-II structures, EPS plots mapped onto
electron density values with isodensity values of 0.004 a.u. of (b) O-II and (d) H-II structures,
VEBS of (e) O-II and (g) H-II structures, CEBS of (h) O-II and (i) H-II structures, respectively,
(f) The total density of states for O-II, H-II, and G structures, respectively.

Figure 7. Magnitude of band gap in projected density of state of 2p orbitals of B and N atoms
around the Fermi level for (a) O-II and (b) H-II structures, respectively. The highlight bars in

plot are corresponding with highlight atoms in the unit cell.

Figure 8. L variation as a function of different rings of O-I and its BN-doped structures in (a) A
and (b) Z directions. L. variation as a function of different rings of H-I and its BN-doped

structures in (c) A and (d) Z directions.

Figure 9. Electronic Band structure of a) PAIl, al) OA-I, b) PZ1, bl) OZ-III structures,

respectively.
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Figure 10. Electronic Band structure of a) PA1‘, al) HA-I, b) PZ2‘ and bl) HZ-III structures,

respectively.
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