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Abstract

We investigate the electronic properties of boron-carbon-nitrogen (B-C-N) analogues of a recently
proposed carbon kagome lattice [Chen et al., Phys. Rev. Lett. 113, 085501 (2014)]. The B-C-N
kagome lattices are constructed by replacing the carbon zigzag chains of the carbon kagome lattice
with boron nitride zigzag chains. We use calculations of phonon dispersion curves to demonstrate
the thermodynamic stabilities of the BCN and BC4N kagome lattices. The B-C-N kagome lattices
are wide-band gap semiconductors although the band gaps of the BCN and BC4N kagome lattices
are increased and reduced respectively compared with the carbon case. The reduction of band gap

is found to be caused by a direct- to indirect-gap transition in the BC4N kagome lattice.



I. INTRODUCTION

Carbon allotropes and boron nitride (BN) polymorphs have structural counterparts to
one another. For example, well-known structural counterparts of graphite, carbon nan-
otubes, diamond, and hexagonal diamond are hexagonal BN, BN nanotubes, cubic BN,
and wurtzite BN, respectively. Because of their structural similarities, covalently bonded
boron-carbon-nitrogen (B-C-N) ternary compounds have attracted considerable interest for
decades. Graphitic,' '3 cubic,'* 20 and wurtzite?” 3% forms of B-C-N compounds with various
compositions (B,C,N,) have been intensively studied. Similarly, B-C-N ternary nanotubes
have been investigated after the discovery of carbon and BN nanotubes.?'*” These B-C-N
materials generally exhibit intermediate structural and electronic properties of their parent
carbon allotropes and BN polymorphs, and one can expect that their properties can be
tuned by controlling the ratio of boron, carbon, and nitrogen atoms. Recently, monolayer
materials of carbon (graphene) and BN (BN monolayer) have been fabricated.’®*! These
successful fabrications stimulate interest in a new class of B-C-N hybrid materials, which

are weakly-bonded van der Waals heterostructures of graphene and BN monolayers.?? %

A new allotrope of carbon, the carbon kagome lattice, has been recently proposed based
on theoretical calculations.®!:52 This carbon kagome lattice is composed of 4-fold coordinate
carbon atoms although one of the bond angles is 60° [triangles can be seen in the top view
in Fig. 1(a)]. The atomic configuration is alternatively regarded as three zigzag chains
covalently bonded with each other. This carbon kagome lattice is thermodynamically stable
in spite of its unusual geometry, and could be suitable for optical device applications because
of its direct band gap (3.43 eV at the I' point) comparable to ZnO and GaN, as well as having

small carrier effective masses.

In this paper, we propose B-C-N ternary materials, B-C-N kagome lattices with structures
analogous to the carbon kagome lattice. One or two of three carbon zigzag chains can be
replaced with BN chains without introducing unfavorable boron-boron and nitrogen-nitrogen
bonds [see Figs. 1(b) and 1(c)]. These BC4N and BCN kagome lattices are dynamically stable
according to our phonon calculations. The B-C-N kagome lattices are interesting because
they are B-C-N materials which have carbon structural counterparts but do not have BN
counterparts (BN kagome lattices must have boron-boron and nitrogen-nitrogen bonds), and

they are different from the B-C-N materials mentioned above. We find a direct to indirect



FIG. 1. (Color online) Top and side views of the crystal structures of (a) carbon, (b) BCN, and

(c) BC4N kagome lattices. Gray, pink, and green spheres represent carbon, boron, and nitrogen
atoms, respectively. The carbon kagome lattice is composed of three carbon zigzag chains, one at
the center of the unit cell, and two at the unit cell borders of the unit cell (see the top view). The
carbon zigzag chains at the borders are substituted by BN in the BCN case while the center zigzag
chain is replaced with BN in the BC4N case. The unit cell of the BC4N kagome lattice is slightly
distorted from the hexagonal cell, and the angle between two in-plane lattice vectors is 122°. The

distortion of the unit cell in the BCN kagome lattice is negligibly small (less than 0.1°).

gap transition caused by the BN substitution. The band gaps are found to increase and
decrease respectively in BCN and BC,N kagome lattices compared with the carbon kagome

lattice by 0.46 and —0.16 eV, respectively.

II. COMPUTATIONAL METHODS

We adopt ab initio methods based on the density functional theory (DFT).%36* We use the
Quantum ESPRESSO package for all the DFT calculations.®® The Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation functionals are used as exchange and correlation
functionals for the DFT calculations.®® We crosscheck band gaps with the hybrid functional
developed by Heyd, Scuseria, and Ernzerhof (HSE).57% The screening parameter of the HSE
functional is 0.1058 ag ' where aq is the Bohr radius. The PBE optimized structures are used
for the HSE calculations. Norm-conserving pseudopotentials of the Troullier-Martins type

and a planewave basis set with a cutoff energy of 100 Ry are used.®® ™ The Brillouin zone




is sampled by 8 x 8 x 12 and 36 x 36 x 54 k-grids in structural optimization and density
of states calculations, respectively. Phonon calculations are performed based on the density
functional perturbation theory™ with a 6 x 6 x 6 ¢g-grid. The XCrySDen code is used for

the visualization of the DFT results.”™

III. STRUCTURAL PROPERTIES

Structural parameters of carbon, BCN, and BC4N kagome lattices are listed in Table I.
Here we distinguish the bonds parallel to and intersecting with the rhombic face of the
hexagonal unit cell (i.e. intra- and inter-triangle bonds). We refer to the former (latter)
as planar (zigzag) bonds. The planar and the zigzag bonds can be also regarded as inter-
zigzag chain and intra-chain bonds, respectively. The C-C and B-N zigzag bond lengths are
comparable to those of the sp? and sp® bonds.”™ The longer bond-length tendency of B-N
than C-C expands the unit cell volume as well as lattice constants of the BCN and BC,N
kagome lattices compared with those of the carbon kagome lattice. As can be seen from
Table I, planar bonds tend to be longer than zigzag bonds. The planar B-C and C-N bonds
have similar bond lengths (1.572 and 1.583 A) while the planar B-N bond is slightly longer
(1.591 A) in the BCN case. Similarly, the planar C-C bond of the BC,N kagome lattice
(1.552 A) is shorter than the B-C and C-N bond lengths (1.607 and 1.564 A). The planar
C-C bond of the carbon kagome lattice (1.528 A) is the shortest among all the planar bonds.
The long planar bond length implies a weaker inter-chain bonding of carbon-BN and BN-BN
chains than the carbon-carbon chains.

To test the dynamical stabilities of the BCN and the BC,N kagome lattices, we calculate
phonon dispersion relations (see Fig. 2). We do not obtain any imaginary phonon frequen-
cies in the phonon dispersion plot except for the acoustic modes at the I' point, which is
approximately 0.5 cm™!. The magnitudes become smaller (about 0.01 cm™!') when we use

76,77 indicating the imaginary modes are caused by conver-

the local density approximation,
gence problem. The bulk moduli of the B-C-N kagome lattices are comparable to that of
the carbon kagome lattice (see Table I). The total energies of the BCN and BC4N kagome
lattices compared with their wurtzite forms (composed of carbon and BN bilayers) are 371
and 355 meV /atom, respectively. These values are also comparable to the total energy dif-

ference of the carbon kagome lattice and hexagonal diamond (253 meV /atom.) Therefore,
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TABLE I. In-plane (a) and out-of-plane (c¢) lattice constants, unit cell volumes, bond lengths, and
bulk moduli of carbon, BCN, and BC4N kagome lattices. The bond types are distinguished by the
planar and zigzag bonds. The lengths, the cell volumes, and bulk moduli are listed in A, A3, and

GPa, respectively.

Carbon BCN BC4N
a 4.445 4.544 4.550
c 2.524 2.542 2.529
C-C (planar) 1.528 - 1.552
C-C (zigzag) 1.495 1.485 1.488
B-N (planar) - 1.591 -
B-N (zigzag) - 1.508 1.509
B-C (planar) - 1.572 1.607
C-N (planar) - 1.583 1.564
Volume 43.2 45.4 44.5
Bulk modulus 324 275 298

we can conclude that these B-C-N kagome lattices should be dynamically as stable as the
carbon kagome lattice. Note that the discontinuities of the phonon frequencies appear at
the I" point. Some of the I' point frequencies depend on the direction of the approach to the
I' point, indicating the presence of the longitudinal- and transverse-optical mode splitting

caused by the polar nature of the B-C-N kagome lattices.

IV. ELECTRONIC PROPERTIES

Figure 3 shows the band structures and densities of states of three kagome lattices. The
carbon kagome lattice [Figs. 3(a) and 3(d)] is a direct gap semiconductor (2.30 eV at the
I" point) as previously reported.®® The direct band gap at the I' point of BCN and BC,N
are 3.45 and 2.84 eV, respectively. The amount of the BN substitution corresponds to the
size of the band gap at the Gamma point in the B-C-N kagome lattices. We find that the
conduction-band bottom state at the L point has lower energy than that of the I' point in

the BCN case as shown in Fig. 3(b) (2.65 eV indirect band gap). Interestingly, in the BC,N
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FIG. 2. (Color online) Phonon dispersion relations of (a) BCN, and (b) BC4N kagome lattices (left
panels). Schematic Brillouin zones projected to two dimensions are illustrated in the right panels.
The BCN Brillouin zone is an ordinary hexagonal zone, but the Brillouin zone of the BC4N kagome
lattice is distorted with two long and four short sides (the distortion is exaggerated here). High-
symmetry points are shown with red dots in the Brillouin zone figures with their corresponding
names of the hexagonal Brillouin zone. The subscripts S and L for the M and L points denote
short and long sides of the first Brillouin zone of the BC4N kagome lattices. The A, H, and L
in the parenthesis represent high-symmetry points at k, = 0.5 x 2w /c. The label convention of

high-symmetry points at k, = 0.5 x 27/c is similar for the BC4N Brillouin zone.

case the fundamental gap value is even reduced compared with the carbon case (2.06 eV
indirect band gap). The conduction-band bottom state of the BC4;N kagome lattice is at
the L;, point, and the highest valence band state is slightly shifted from the I" point toward
the K point [see Fig. 3(c)].

The HSE/PBE band gaps and PBE carrier effective masses are listed in Table II. The
use of HSE does not qualitatively affect the result above, while the HSE band gap of the
carbon kagome lattice is 3.30 eV at the I' point, which is 1 eV higher than the PBE result.
The direct band gap at the I' point of the BCN and BCyN kagome lattices are 4.43 and
3.88 eV, respectively. The L (L) point state is still the lowest conduction-band state in
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FIG. 3. PBE Band structures of (a) carbon, (b) BCN, and (c) BC4N kagome lattices, and The
dashed lines (energy references) indicate the top of the valence bands. The Brillouin zones and

high-symmetry points are schematically illustrated in Fig. 2. Densities of states of (d) carbon, (e)

BCN, and (f) BC4N kagome lattices.

the BCN (BC4N) kagome lattice, and the HSE indirect band gap is 3.76 (3.14) eV. The
hole and electron effective masses of the BC,N kagome lattice along the a-axis computed
with the PBE functionals are 0.24 mo (I — K direction) and 0.20 mq (Ly, — A direction)
respectively, where myq is the mass of a free electron. These values are still comparable
to those of the carbon kagome lattice with hole and electron masses of 0.12 and 0.17 my
respectively, along the I' — K direction. Therefore, the BC4;N kagome lattice would be a

useful wide band gap semiconductor with light carriers.

In order to investigate further the effect of the BN substitution on the electronic struc-
tures, we discuss the characters of the Kohn-Sham wavefunctions in the following. We first
consider the characters of the highest valence-band wavefunctions of the I' point of carbon,
BCN, and BCyN kagome lattices [see Figs. 4(a), 4(b), 4(c), respectively]. The characters
of the highest valence-band wavefunctions of the BCN and the BC;N kagome lattices are

qualitatively similar to those of the carbon kagome lattice. In the BCN case, the amplitude

7
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TABLE II. Band gaps (E, in eV) and in-plane electron/hole effective masses (m./my, in terms of
the free electron mass) of the three kagome lattices. The valence-band-top and conduction-band-
bottom k-points are represented in the parentheses of the E,. The direction of the calculation of
the effective mass is also indicated in the parentheses. Light and heavy hole effective masses are

listed in the carbon case because of the degeneracy.

Carbon BCN BC4N
E, (PBE) 230 (I' =T 2.65 (I' = L) 2.06 (I — Lp)*
E, (HSE) 330 (I' =TI 3.76 (I' - L) 3.14 (I'" — Ly)*
Me 0.17 (I — K) 0.21 (L — A) 0.20 (L1, — A)
my 0.12, 0.28 (I’ = K) 0.30 (' =» K) 0.24 (I'* — K)

# The I'* indicates the point on the I'-K line very close to the Brillouin zone center.

at the planar B-N bond is relatively small compared with the planar B-C and N-C bonds.
This wavefunction character can be related to the fact that planar B-N bond has a longer
bond length (see Table I). Similarly, the amplitude of the wavefunction at the C-C bond
is large compared with the B-C and N-C bonds in the BC4N case, resulting from the bond

length differences discussed in Sec. III.

Next we discuss the lowest conduction band wavefunctions which significantly affect the
electronic properties of the BCN and the BCyN kagome lattices. Figure 5 describes the
conduction-bottom Kohn-Sham wavefunctions at the L (L, for the BC4N case) point. The
L point wavefunction of the carbon kagome lattice is localized two-dimensionally as shown
in Fig. 5. This localized nature is consistent with its almost flat band dispersion around the
L point [see Fig. 3(a)]. In contrast, the wavefunction spreads more to the space between
two nearest-neighbor boron atoms, and enhances the band dispersion in the zigzag-chain
direction in the BCN and BCyN cases [Figs. 5(b) and 5(c)]. This should contribute to the
lowered energy of the L (L) point state of the BCN (BC4N) kagome lattice, and results in
the indirect band gap.



FIG. 4. (Color online) Top views of Kohn-Sham wavefunction at the I' point of (a) carbon, (b)
BCN, and (¢) BC4N kagome lattices. The red and blue isosurfaces represent plus and minus signs
of the Kohn-Sham wavefunctions. The isosurfaces represent 10 % of the maximum amplitude of the
wavefunctions. The left panels are the highest valence-band state while the right panels are second
highest states. These states are degenerate in the carbon kagome lattice, and the degeneracy is
lifted in the BCN and the BC4N cases because of symmetry reduction. The atomic color scheme

is the same as Fig. 1.

V. SUMMARY

We propose the design of BCN and BC4N ternary kagome lattices and investigated their
properties by using an ab initio calculation method based on DFT. These B-C-N kagome
lattices are composed of interconnected one-dimensional carbon and BN zigzag chains, and
are found to be dynamically stable. We also find that the band gap increases and decreases
from the carbon kagome lattice in the BCN and BCy;N kagome lattices, respectively, and
that the BCN and the BC4;N kagome lattices are both indirect gap semiconductors with the
gap values of 3.76 and 3.14 eV, respectively in the HSE calculations. The highest valence
Kohn-Sham wavefunction at the I' point of the B-C-N kagome lattices are qualitatively
similar to the carbon case. On the other hand, the wavefunction at the conduction band

minimum have sizable amplitude along the zigzag chains in both BCN and BC4N cases in
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FIG. 5. (Color online) Side views of the Kohn-Sham wavefunctions of the lowest conduction states
of (a) carbon, (b) BCN, and (c) BC4N kagome lattices. The L point wavefunctions are illustrated
for the carbon and BCN kagome lattices whereas the L1, point state is described for the BC4N
case. Two wavefunctions are plotted in (c) because the L point wavefunction of the carbon kagome
lattice is doubly degenerated. The yellow isosurfaces represent 10 % of the maximum amplitude

of the wavefunctions. The atomic color scheme is the same as Fig. 1.

contrast to a planar wavefunction of the carbon kagome lattice. The lowering of the energy

of this dispersive state results in the indirect band gap of the B-C-N kagome lattices.

We suggest that these B-C-N kagome lattices could be promising wide gap light-elemental
materials with light carrier effective masses. In addition, the fabrication of the B-C-N kagome
lattices is expected to have little phase segregation of carbon and BN phases since a pure
BN kagome lattice should be unstable because of the existence of boron-boron and nitrogen-
nitrogen bonds. Therefore, the B-C-N kagome lattices should be more stable than other

B-C-N materials which have BN structural analogues.
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