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Hybrid two-dimensional (2D) materials composed of carbon, boron, and nitrogen constitute a hot topic of
research, as their flexible composition allows for tunable properties. However, while graphene-like hybrid
lattices have been well characterized, systematic investigations are lacking for various 2D materials. Hence,
in the present contribution, we employ first-principles calculations to investigate the structural, electronic
and optical properties of what we call B,C,N, hybrid a-graphynes. We considered eleven structures with
stoichiometry BCo,N and varied atomic arrangements. We calculated the formation energy for each
arrangement, and determined that it is low (high) when the number of boron-carbon and nitrogen-

carbon bonds is low (high). We found that the formation energy of many our structures compared
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Accepted 15th October 2019 favorably with a previous literature proposal. Regarding the electronic properties, we found that the

investigated structures are semiconducting, with band gaps ranging from 0.02 to 2.00 eV. Moreover, we
determined that most of the B,C,N, hybrid a-graphynes proposed here strongly absorb infrared light,
and so could potentially find applications in optoelectronic devices such as heat sensors and infrared filters.
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. Introduction

In the last decade, two-dimensional (2D) nanoscale materials
have attracted considerable interest due to their innovative
physical properties and potential applications in many
emerging technologies. Examples of 2D materials which have
already been synthesized and extensively studied include gra-
phene’? and hexagonal boron nitride (h-BN).** Both structures
are composed of sp>-hybridized atoms arranged in a honey-
comb lattice. Graphene is a zero-band-gap semiconductor,
which presents high electron mobility, high thermal conduc-
tivity, high strength, and flexibility.>® On the other hand, h-BN
is a wide-gap semiconductor (>4 eV), with mechanical proper-
ties similar to graphene, and high resistance to oxidation and
degradation.’*" In this context, it is worth pointing out that the
substitution of C atoms in graphene by B and N atoms leads to
the formation of B,CyN, hexagonal hybrid sheets,"*** which
have also been extensively investigated and have recently been
synthesized.'>'® They present a variety of energy gaps (<2 eV)
that are intermediate between those found in graphene and h-
BN. Moreover, these materials can exhibit either metallic or
semiconducting behavior, depending on the atomic arrange-
ment of C, B, and N atoms."”! Hence, B,C,N, hexagonal sheets
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are promising materials for the manufacture of nanoscale
electronic devices.

Following the advent of two-dimensional honeycomb lattices,
in recent years intense research has rapidly expanded the family
of 2D materials. New structures include graphyne,**** graphe-
nylene,> phagraphene,” T-graphene®® and others.”” These
materials have been theoretically proposed and some have
already been synthesized. First-principles calculations predict
interesting mechanical, optical, and electronic properties for
these structures, making them promising candidates for future
technological applications. Among the cited examples, the group
of materials called “graphynes” has attracted much attention.

Graphynes are 2D structures composed of a mixture of sp
and sp*-hybridized carbon atoms. This is in contrast to gra-
phene, where all carbon atoms are sp>-hybridized. Graphynes
were initially predicted by Baughman et al.*® and it has since
received considerable attention. Theoretically, these structures
are formed by the combination of carbon hexagons with
polyyne-like carbon linear chains (...-C=C-C=C-...).”®
Although graphyne sheets have not yet been synthesized, small
graphyne flakes have already been successfully obtained.**** In
addition, large area films of graphdiyne, a related material, were
produce on a copper substrate via a cross-coupling reaction by
Li et al The sp and sp® carbon atoms can be combined in
various ways, and so far four graphyne types have been inves-
tigated, namely a-, B-, y-, and 6, 6, 12-. The a-, -, and 6, 6, 12-
graphynes are metallic, and all feature Dirac cones in their
electronic band structure;***® meanwhile, vy-graphyne is
a semiconductor.*” All four of them have been proposed as
suitable materials for applications in nanoelectronics.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Illustration of the optimized B,C,N, hybrid a-graphynes with different atomic arrangements.

Additional applications proposed for graphynes include: energy  12- graphynes have also been investigated.**** These structures,
termed BNynes, are formed by the combination of BN hexag-

onal rings with BN linear chains (...-B=N-B=N-...). First-

storage,*® use as battery anodes,* gas separation,* and water
desalination.*' Boron nitride analogues of the a-, -, y-, and 6, 6,

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 35176-35188 | 35177
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principles calculations, performed by Zhang et al.** and Cao
et al.,*® have shown that BNynes are wide-gap semiconductors
(>4 eV), with strong absorption in a wide UV photon-energy
region.

Among the investigated graphynes and BNynes, a-graphyne
and o-BNyne have received considerable attention.”** To
obtain a-graphyne, carbon linear chains (containing 7z atoms)
are inserted in each C-C bond of graphene, leading to
a honeycomb-like lattice with large hexagonal rings. Corner
atoms are tri-coordinated in each hexagon, as in graphene.
Similarly, a-BNyne is obtained by the insertion of BN linear
chains in each B-N bond of h-BN. Ongun et al. have carried out
ab initio calculations to test the structural stability and to
determine the electronic and mechanical properties of o-
graphyne and a-BNyne, as a function of the number of atoms n
contained in the linear chains.’* The authors calculated the
phonon modes and performed finite-temperature molecular
dynamics, and determined that both a-graphyne and o-BNyne
are stable for even values of n and unstable for odd values of n.
High stability was found for n = 2. Regarding the electronic
properties, they found that all a-graphynes are metallic, while
all a-BNynes are wide-gap semiconductors.

An interesting possibility regarding a-graphyne and o-BNyne
would be to combine the properties of these materials through
the formation of B,C)N, hybrid sheets, in the same way as done
for graphene and h-BN.">'*'* Recently, the electronic struc-
ture and the structural stability of a-graphynes, doped with
different concentrations of BN pairs, was investigated via first-
principles calculations by Yun et al>* and Deng et al.>®* Both
authors observed the opening of an energy-gap in the electronic
spectrum of a-graphyne, for any BN pair concentration. Addi-
tionally, it was determined that the band gap was proportional
to the dopant concentration. Thus, a-graphynes doped with BN
pairs are semiconductors with tunable band gap. On the other
hand, to our knowledge, there are presently no studies in the
literature investigating island- and stripe-like atomic arrange-
ments of B, C, and N atoms in a-graphyne sheets. Such atomic
arrangements minimize formation energy and maximize
stability in B,C,N, hybrid graphenes.*> With this motivation in
mind, and also considering the growing interest in B,C)N,
hybrid nanostructures, in this paper we perform first-principles
calculations to investigate the stability, as well as the electronic
and optical properties, of what we call B,C)N, hybrid o-
graphynes.

II. Computational details and
methods

Fig. 1 shows the B,C)N, hybrid a-graphynes investigated in
this work. Similar to graphene, these structures are mono-
layers with hexagonal rings and three-coordinated atoms in
each corner. We considered different atomic arrangements for
an unit cell with 96 atoms. For comparison, unit cells for a-
graphyne and o-BNyne contain only 8 atoms.** The large unit
cells allow us to investigate island-like (Fig. 1B and C) and
stripe-like (Fig. 1A and D-G) atomic arrangements, as was
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done by Azevedo et al. for B,C)N, hybrid graphenes.*? In island-
like arrangements, we have the presence of (BN), and C, units
of different sizes and forms; meanwhile, in stripe-like
arrangements, we have BN and C stripes connected along
a specific direction. Thus, the B,C,N, hybrid a-graphynes have
different numbers of B-N, C-C, B-C, and N-C bonds. The
chosen atomic arrangements preclude the presence of ener-
getically unfavorable B-B and N-N bonds.

The structures shown in Fig. 1 were then optimized using
first-principles calculations based on density functional theory
(DFT), as implemented in the SIESTA code.”*** We used the
Generalized Gradient Approximation (GGA-PBE) for the
exchange-correlation term.>**” A linear combination of numer-
ical atomic orbitals was used to represent a double-{ basis set
with polarized functions (DZP). To modulate the strong inter-
actions between electrons and core ions, we used the norm-
conserving Troullier Martins pseudopotential®® in the Klein-
man-Bylander factorized form.* All calculations use a mesh
cutoff of 150 Ry, with the Brillouin zone sampled by 3 x 2 x 2
special k-points. It was adopted a convergence criterion where
the self-consistency is achieved when the maximum difference
between the output and the input of each element of the density
matrix, in a self-consistent field cycle, is smaller than 10 eV.
The optimization of atomic positions was allowed to proceed
until the force on each atom was less than 0.1 eV A~'. We
adopted a rectangular supercell and all calculations were per-
formed at T = 0 K. The unit cell is repeated in the x and y
directions, forming an infinite B,C,N, hybrid a-graphyne sheet.
A large vacuum region of 20 A was used along of the z direction,
to avoid spurious interactions between two adjacent periodic
images.

Note, however, that the DFT-LDA/GGA approach is known to
underestimate band gaps,*® and this can lead to incorrect
predictions regarding the optical properties of a material.
Several approaches have been developed to address this issue,
including the so-called hybrid functionals and the GW
approximation.®** In particular, the hybrid functional HSE06
has been found to give a significantly improved description of

Table 1 Calculated formation energy (Erorm) for all investigated B,-
C,N; hybrid a-graphynes. Ry, is the total number of ‘regular’ chemical
bonds and W, is the total number of ‘wrong’ chemical bonds. £4 is the
energy band gap obtained with the PBE and HSEQ6 functionals

Eform Eg Eg
Structure (eVnry ') R, W, Ru/W, (GGA)(eV) (HSE06) (eV)
(A) 0.06 102 6 17 0.80 1.20
(B) 0.08 98 10 9.8 0.21 0.28
(Q) 0.08 98 10 9.8 0.26 0.47
(D) 0.10 96 12 8.0 1.43 2.00
(E) 013 84 24 35 130 1.80
(F) 014 60 48 13 110 1.93
(G) 019 60 48 1.3 0.00 0.02
(H) 0.22 54 54 1.0 0.00 0.09
(M 025 54 54 1.0  0.29 0.34
1)) 0.32 42 66 0.6 0.10 0.21
(L) 042 6 102 01 011 0.05

This journal is © The Royal Society of Chemistry 2019
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the electronic properties of nanomaterials.®**® Thus, for the
B,C,N, hybrid a-graphynes investigated in this work, we also
performed calculations of the electronic properties using the
HSE06 functional, as implemented in the GAUSSIAN16
code.”®® A comparison between the results obtained with the
GGA and HSEO06 functionals is given below.

Structure A

View Article Online

RSC Advances

1. Results and discussion

In order to estimate the structural stability of the B,C,N, hybrid
a-graphynes analyzed in the present study, we calculate the
formation energy Eporm through a thermodynamic approach,

== single bond
== double bond
== triple bond

@B eN OC

== single bond

== triple bond

@B eN OC

Structure D

Fig.2 Calculated bond length for the monolayers A, B, C and D shown in Fig. 1. The bond lengths illustrated repeat themselves periodically along

the zigzag direction.

This journal is © The Royal Society of Chemistry 2019
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which is based on the prior determination of the chemical
potentials of the atomic species involved in the synthesis reac-
tion. The details of this approach are described in ref. 13 and 14.
The formation energy is defined by the following expression

Et — npug — nnpn — Aci
EForm = B N S 5 (1)

natom

where Er is the calculated total energy provided by the SIESTA
code, Maeom 1S the total number of atoms in the structure, #; (i =
B, N, C) is the number of atoms for each element and y; is the

A) T=300K

structure B
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corresponding chemical potential. Furthermore, the chemical
potentials ug, un, and uc satisfy the following conditions of
thermodynamic equilibrium:

uBN = Mg + pn and uce = pc + pe, (2)

where the parameters ugy and ucc are the chemical potentials
for the boron-nitrogen (BN) and carbon-carbon (CC) pairs,
respectively. In this work, the chemical potentials for the CC
and BN pairs were obtained by taking a-graphyne and a-BNyne

structure C

o
"b
U‘l‘.v v
.b-iv-
.
e 1
structure A * 2 o .
i (3 ~ L
e % .'vv_r.'. .’rv
~ ‘e
U-!‘_ ‘ﬁ"
% » . - P v-\',).."‘—v‘vu‘o“ >
P aaa O e o
. e
| "
vt
d % truct D E
—® , W8 structure structure
& g N i
rﬁ“. i .;‘a—v-y—s. g
~_‘l. ..y—rv-t‘ u"r.
-
IR R
B) " € P
~—.. v &’ ®
./.._ pe. '; e
W T g
» b Vo ®
i e L S ©
Y% [ '; ~,b~.
/.,."u—u-v' adhan o
« O
- o o -
& ./' % 2o 4
v

» L=
e 4

~

« -
ey

g =y A Ay
o = vt —
N
e

& ~
ey

L 40y S o e W
Mhs@o—b@u&d

T =2000 K

Fig. 3

In (A) we have snapshots from molecular dynamics simulations of the B,C, N, hybrid a.-graphynes, after thermalization at T= 300 K. In (B)

we have the snapshots of structure A after thermalization at various higher temperatures.
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as references and assigning zero values to their formation
energies. Thereby, through the use of eqn (1) and (2), we found
that ucc = —307.58 eV and upny = —348.29 eV. Lastly, for the
B,C,N, hybrid a-graphynes studied in this work, we take into
account that, in all cases, ng = ny = ngn, and nge = ne/2, so that
the eqn (1) becomes

EForm = (ETot — NBNMBN — nCC,u'CC)/natom- (3)

View Article Online

RSC Advances

The formation energies, obtained by using eqn (3), are quoted in
the second column of Table 1. In this context, we observe that in
each structure there is a relationship between Eg,m, and the number
of “regular” chemical bonds, C-C and B-N, and “wrong” chemical
bonds, C-B and C-N. Thus, in order to take into account this fact,
we define the ratio R,/W;,, where Ry, and W;, denote the number of
regular and wrong chemical bonds, respectively. This relationship
has also been observed in other types of hybrid nanostructures with

Energy (eV)

Energy (eV)

Energy (eV)

r X

Fig. 4 Calculated band structures for the monolayers shown in Fig. 1. The dashed line represents the Fermi level.

This journal is © The Royal Society of Chemistry 2019
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B,GyN, stoichiometry.”*** The value of the ratio R,/W, for each The lengths of the B-N, C-C, B-C, and N-C bonds in the
structure, is displayed in the fifth column of Table 1, where we relaxed B,C)N, hybrid a-graphynes are shown in Fig. 2. Since the
notice that the formation energy increases as the number of regular  hybridization state for a given B, C, or N atom can be either sp or
bonds decreases, i.e., when the ratio R,/W;, decreases. sp?, atoms of a given element are no longer chemically

a) B N C

PDOS (a. u.)

@ LDOS top of the @ LDOS bottom of the
valence band conduction band

Fig. 5 (a) The calculated projected density of states (PDOS) of selected B,C,N, hybrid a-graphynes. The Fermi energy E; is indicated by the
dotted vertical line. (b) The local density of states (LDOS) associated with the bottom of the conduction band and the top of the valence band for
the a-graphyne (A) structure.
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equivalent, as they are in the cases of graphene' and h-BN."
Depending on the atomic arrangement of the sheet, we can have
up to three different types of bonds: simple (Xsp-Ys,’), double
(Xsp"=Ysp’), and triple (X;p=Ysp), where X and Y are variables
that represent an B, C, or N atom. Structure A is the only that
exhibits a lattice with the three types of bonds mentioned above.
In this case, we observe a mixture of the following atomic
chains: -C-C=C-C-, -B-N=B-N-, and -C=C=B=N- (see
Fig. 2). The bonds in these chains are similar to those found in
polyyne- or cumulene-type carbon linear chains. On the other
hand, in all other structures, B, C, and N atoms are linked
together through simple and triple bonds; that is, all atomic
chains are of the type -X-Y=Z-W- (X, Y, Z, and W are variables
that represent B, C, and N atoms). Moreover, we find B-N and
C-C bond lengths which are slightly smaller than those found
for a-graphyne and «-BNyne in ref. 29 and 51. These subtle
differences may be caused by different software performance or
parameter setting.

From the data in Table 1, we can see that structure A, with
the highest R,/W,, ratio, presents the lowest value of Erop,, and
so is the most stable structure. Following this line of reasoning,
structures B and C, which exhibit the second lowest R,,/W,, ratio,
are also the second most stable structures (the energy difference
in comparison to structure A is only 0.02 eV/n,). Structure A is
stable due to its atomic arrangement, with stripes of BN and C
hexagons connected in a way that minimizes the number of
atoms in the interface between the two materials; this
arrangement also introduces single, double, and triple bonds
into the lattice (see Fig. 2). On the other hand, structures J
and L, which have the highest values of Eg,,, (above 0.30 eV/
n,), are the most unstable. The common feature for these
structures is the low Ry/W, ratio, which, according to our
results, is not a favorable trend for B,CyN, hybrid a-graphynes.
We have also calculated the formation energy for a structure
based on an a-graphyne motif that was investigated by Yun
et al* In particular, we examined the 2BN-oG monolayer,*
which has B, N, and C concentrations equivalent to those found
in our structures. By using eqn (3), we found a formation energy
of 0.14 eV/n,, for 2BN-a.G. By contrast, structure A has a forma-
tion energy of just 0.06 eV/n,.. This result is not surprising, as
the Rp/W,, ratio for 2BN-aG is equal to 2, a rather low value.

We also investigated the dynamical stability of the five lowest
energy structures (A, B, C, D, and E) through Ab Initio Molecular
Dynamics (AIMD) simulations, using the SIESTA code. This is
a procedure that has been previously used to predict the
thermal stability of materials.”®”* In our calculations, we evolved
each structure in the NPT ensemble for 2 ps, with a time step of
1 fs. Temperature and in-plane pressure components were
controlled using a Nosé-Hoover thermostat and a Parrinello-
Rahman barostat. In Fig. 3(a), we present snapshots of the
structures after completion of the AIMD simulations at 300 K.
Careful inspection of the snapshots reveals that the thermal
motion caused slight structural deformation. More importantly,
inspection also reveals that the underlying atomic lattice
remained intact, as no bonds were broken during the dynamics.
Furthermore, we also carried out calculations at higher
temperatures for structure A. Our results, presented in Fig. 3(b),

This journal is © The Royal Society of Chemistry 2019
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indicate that this particular structure should remain stable even
at temperatures as high as 2000 K.

Let us now discuss the electronic properties of the eleven
B,C,N, hybrid a-graphynes investigated in this work. We per-
formed the calculations using the PBE and HSE06 exchange-
correlation functionals using the SIESTA and GAUSSIAN16
packages, respectively. The energy gap values E, are shown in
the sixth and seventh columns of Table 1 - we found E, values
ranging from 0.0 to 1.43 eV for the PBE approach and 0.02 to
2.00 eV for the HSE06 one. We notice that, in general, our
results are as expected, since the PBE approach underestimates
E, values. Only for structure L, we obtained a higher value with
the PBE approach. However, in this particular case, the differ-
ence between the gap values is so small (0.05 eV) that we can
consider both approaches predict the same electronic behavior.
At the same time, we verified that, in the PBE approach, only
structures G and H are metallic. All the other structures behave
as semiconductors, in both approaches, irrespective of the
atomic arrangement in the unit cell. This behavior is due to the
electronic configuration of the lattice, with a mixture of sp> and
sp orbitals. In Fig. 4 we present their calculated electronic band
structure, with 100 k-points along the I'-X-Z direction. More-
over, it is important to note that the energy gap values deter-
mined for the B,C,N, hybrid a-graphynes are intermediate to
those found in a-graphyne and o-BNyne.*>

structure A

A

Spin Up

Spin Down

Il 1 1 1
T T T

structure B

SPIN DOS (a. u.)

structure D

0 1 3 4 5

- En-ergy (eV)

Fig. 6 Densities of states (spin up and down) for selected B,C/N,
hybrid a-graphynes. The total spin is zero for all investigated
structures.
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Regarding the electronic states near the Fermi energy (Eg),
projected density of states (PDOS) calculations reveal that, in
general, carbon atoms are the major contributors to these
states, see Fig. 5. Complementary local density of states (LDOS)
calculations are also displayed in Fig. 5, and they reveal that the
bottom of the conduction band and the top of the valence band
are associated with p, orbitals of C atoms, in full agreement
with PDOS results. Finally, no relationship was observed
between energy gap values and Ry,/W}, bond ratios, which indi-
cates that the energy gap of a B,C)N, hybrid o-graphyne
depends strongly on the particulars of its atomic arrangement.
As a side note, in Fig. 6 we show the calculated spin polarization
for selected structures. Calculations reveal a spin value of zero

B,CyN, Hybrid a-Graphyne:
(A) (B) (©)

1)

3.0
2.5
2.0
1.5

1.0

0.5

Optical Absorption (a.u.)

Photon Energy (eV)

B4CyN, Hybrid a-Graphyne:
(A) (B) (C)

3)

Optical Absorption (a.u.)

Photon Energy (eV)
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for all B,C,N, hybrid a-graphynes; this means their valence
bands are completely filled, without unpaired electrons.

In order to analyze the optical properties of the B,C,N,
hybrid a-graphynes we have calculated the optical absorption
spectrum as function of the photon energy. The analysis of this
spectrum is an important starting point for predicting if the
investigated structures are promising for future applications in
optoelectronic devices. Firstly, the frequency-dependence of the
complex dielectric function ¢(w) = ¢1(w) — iey(w) is calculated.
The imaginary part is directly proportional to the optical
absorption spectrum, which is calculated from the time
dependent perturbation theory in the simple dipole approxi-
mation, which is given by

B,CyN, Hybrid a-Graphyne:
— (D) — (E) —(F) —(G)
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Fig. 7 Optical absorption spectrum as function of the photon energy for selected B,C,N, hybrid a-graphynes, with the light polarization
perpendicular to the a-graphynes's plane. At (1) and (2), the absorption spectrum was obtained from calculations with the PBE functional. At (3)
and (4), the absorption spectrum was corrected using the scissor operator available in the SIESTA code. This correction method uses the
difference between the energy gap values obtained with the HSEO6 and PBE functionals.
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2,

() = E S S Yo Bl PxO(Eu — Eux — ), (4)

M2 w*Q £

for a vertical transition from a filled valence band (Y| of energy
E. to an empty conduction band |y) of energy Eq with the
same wave vector k. The parameter w is the angular frequency of
the incident radiation, Q represents the volume of the supercell,
m is the electron mass, p is the momentum operator, and é is
the unit vector of polarization in the direction of the incident
electric field. The results obtained with the PBE functional are
presented in Fig. 7(a). Moreover, we employed the scissor
operator available in the SIESTA code in order to correct the
optical spectrum obtained with the PBE functional (see
Fig. 7(b)). In this correction, the value of the scissor operator is
given by the difference between the energy gap values obtained
with the HSE0O6 and PBE approaches. Recent works have
employed this methodology to accurately predict the optical
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properties of nanomaterials.”>”* Thus, as illustrated in Fig. 7,
after the introduction of this correction, we observed a shift in
the optical spectra of structures A, C, D, E and F. For structures
B and G, the value of the scissor operator was very small, and the
optical spectrum did not present appreciable changes.

We found that the optical absorption of the B,C/N, hybrid a-
graphynes is in the infrared region for the three lowest energy
structures (A, B and C) and for structure G, while for some of the
other structures absorption occurs in the visible region. Indeed,
as can be seen in Fig. 7, for structures A, B, C and G the first
absorption peak occurs in the infrared at about 1.34, 0.30, 0.70
and 0.78 eV. For structures D, E and F, the first absorption peak
occurs in the visible region at about 2.32 (green), 2.51 (green)
and 1.90 (red) eV. These peaks correspond to a first optical
transition between the top of the valence band and the bottom
of the conduction band in carbon atoms, as we can see in the

e

INnzZw

Energy (eV)

0 35 70
PDOS (a. u.)

Fig.8 Optimized B—-C—-N hybrid a.-graphyne nanoribbon with armchair edge. The calculated band structure and the projected density of states
(PDOS) are also shown. The Fermi energy E; is indicated by the horizontal dotted line.

This journal is © The Royal Society of Chemistry 2019

RSC Adv., 2019, 9, 35176-35188 | 35185


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02347j

Open Access Article. Published on 31 October 2019. Downloaded on 11/24/2025 8:06:30 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

projected density of states (Fig. 5). Given that the maximum
optical absorption occurs in the infrared for the three lowest
energy hybrid a-graphynes, we note that these materials are
likely good candidates for use in nanoscale optical devices that
operate in this region of the electromagnetic spectrum, such as
heat sensors. They could also be potentially used in infrared
radiation filters, which are typically used to absorb heat.

Regarding the other absorption peaks, we note that some
structures still present peaks in the infrared region. Specifically,
the second peak for structure B is found approximately at
0.98 eV, while the second and third peaks for structure C occur
approximately at 1.00 and 1.36 eV. Meanwhile, the second
absorption peak for structures A, D and F occurs in the visible
region, at about 2.36 (green), 3.04 (violet) and 2.54 (green) eV.
For structures E and G, the second absorption peak is in the
ultraviolet region (at about 3.70 and 3.64 eV, respectively).
Additionally, with the exception of structure C, we found that
the third absorption peak occurs either in the visible (green) or
in the ultraviolet region.

Additionally, we carried out first-principles calculations to
investigate the electronic properties of a particular B-C-N
hybrid o-graphyne nanoribbon, which is illustrated in Fig. 8.
Such structure was constructed based on the atomic arrange-
ment of monolayer A (see Fig. 1), which corresponds to the most
stable structure among all investigated B,C,N, hybrid a-graph-
ynes. The proposed nanoribbon is composed of BN and C
stripes, which are perpendicular to the periodic direction, with
armchair symmetry. Hydrogen atoms were also included at the
nanoribbon edges. After the optimization process, notice that
C-C and B-N bonds undergo deformation, modifying the shape
of the local hexagons. Band structure calculations reveal that
this nanoribbon is a semiconductor material, with an energy
gap of 0.83 eV, which is very close to that of monolayer A (a
difference of 0.03 eV). Finally, observe in the PDOS results (also
displayed in Fig. 8) that electronic states near the Fermi level are
associated with carbon and boron atoms.

IV. Conclusions

In summary, we employed DFT calculations to investigate the
stability, as well as the electronic and optical properties, of
eleven two-dimensional structures composed of boron,
nitrogen, and carbon. In the proposed monolayers, atoms were
positioned following an a-graphyne pattern, and hence were
termed B,CyN, hybrid graphynes. Unlike previous investiga-
tions into such hybrid materials, we also considered island- and
stripe-like atomic arrangements of B, C, and N. Overall, we
found that the stability of the proposed structures increased
when the number of carbon-boron and carbon-nitrogen bonds
decreased and, consequently, that island- and stripe-like
arrangements were more stable than mixed arrangements of
B, C, and N. On the other hand, in our calculations we found no
relationship between the number of carbon-boron and carbon-
nitrogen bonds and the electronic properties. We determined
that B,C)N, hybrid a-graphynes are semiconducting, with band
gap values ranging from 0.02 to 2.00 eV. We also performed
PDOS and LDOS calculations, to investigate the electronic states
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near the Fermi level (Ef). Our results reveal that both states at
the top of the valence band and at the bottom of the conduction
band are associated with carbon atoms. Finally, we determined
the optical absorption spectra of the proposed structures. We
found that eight of the proposed monolayers present absorp-
tion peaks in various regions of the infrared, with the remaining
three presenting absorption peaks in the visible spectrum. Our
calculations indicate that the B,C,N, hybrid o-graphynes are
viable candidates for optoelectronic devices that operate in the
infrared region of the electromagnetic spectrum, such as heat
sensors and infrared filters.
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