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oron—carbon—nitrogen (B—C—N)

layers and nanotubes have attracted

recent interest in the literature’'°
due to their novel structural, optical, and
electronic properties. These materials, first
synthesized in the mid-1990s,'""'2 have
band gaps and other electronic properties
that are intermediate between those of
pure carbon and BN.'*7'6 Regarding struc-
tural properties, recent experimental results
on graphene-type B—C—N layers confirm
that segregation into either graphene is-
lands in a planar BN matrix' or BN islands
in a graphene matrix? depends on the
B—C—N stoichiometry. Regarding optical
and electronic properties, it is clear from the
available experimental data that the band
gaps of B—C—N nanotubes are determined
not only by the (x,y,z) stoichiometry but
also by other structural properties. For in-
stance, B—C—N nanotubes with y ~ 0.1
(small carbon content) may have band gaps
on the order of 2.8 eV,” while nanotubes
with y =~ 0.5 may have band gaps in the
1.4—2.1 eV range,'”'® and nanotubes with
1:1:1 stoichiometry may have band gaps on
the order of 3.9 eV.°> These contradict a
“mean-field” picture in which the band gap
would increase monotonically with decreas-
ing carbon content and suggest that struc-
tural properties, such as compositional or-
der/disorder, defects,” and chirality, may
have important roles in the electronic and
optical properties.

From the theoretical point of view, sev-
eral models have been proposed for
B—C—N layers and nanotubes, and their
electronic properties have been
investigated.>'33 The earliest first-
principles model for these materials was
proposed by Liu et al.?° They considered an
8 atom unit cell model for a BC,N layer and
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ABSTRACT We investigate structural and electronic properties of B—C—N (boron—carbon—nitrogen) layers

and nanotubes considering the positional disorder of the B, C, and N atoms, using a combination of first principles

and simulated annealing calculations. During the annealing process, we find that the atoms segregate into
isolated, irregularly shaped graphene islands immersed in BN. We also find that the formation of the carbon

islands strongly affects the electronic properties of the materials. For instance, in the case of layers and nanotubes

with the same number of B and N atoms, we find that the band gap increases during the simulated annealing.

This indicates that, for a given stoichiometry, the electronic and optical properties of B—C—N layers and

nanotubes can be tuned by growth kinetics. We also find that the excess of B or N atoms results in large variations

in the band gap and work function.
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obtained a minimum-energy structure with
alternating carbon and BN chains which
maximized the number of C—C and BN
bonds. Miyamoto et al.?" considered that
low-energy structure as a basis for BC;N
nanotubes and obtained interesting prop-
erties associated with the chirality of the
carbon chains. Blase et al.,?>?3 as well as Ci
et al.,? considered BC,N structures with al-
ternating ribbon regions of carbon and BN.
They showed that the larger the width of
the pure ribbons, the lower is the energy, in-
dicating a strong tendency for C/BN segre-
gation. They also found that the band gaps
decrease with increasing ribbon widths.
Mazzoni et al.'® considered several possible
B—C—N stoichiometries (besides BC;N) in 8
atom unit cells and obtained a B3C;Nj3 struc-
ture with smaller energy than the BC;N
ones. They also found that the band gaps
of the investigated structures are depend-
ent on the stoichiometry and on the specific
structure.

In the present work, we investigate theo-
retically the role of the (B,C,N) positional dis-
order in the electronic structure of B—C—N
nanotubes and graphene-type layers
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TABLE 1. Characteristics of the Seven B—C—N Theoretical
Samples: Number of C, B, and N Atoms; Eigenvalues &y

and g, of the Highest Occupied and of the Lowest

Unoccupied Eigenstates, for the Atomic Layer
Configurations at the End of the Simulated Annealing

Procedure

sample C B N £ (eV) €y (eV)
a 33 31 32 —3.06 —3.56
b 31 32 33 —3.60 —5.07
4 32 32 32 —3.70 —5.03
d 31 33 32 —4.96 —532
e 28 34 34 —3.57 —4.92
f 31 34 31 —531 —5.55
g 31 31 34 —3.24 —353

employing a combination of ab initio and model calcu-
lations. First, we apply a bond-energy model,’® param-
etrized from first principles, to a simulated annealing
process. Then, the electronic structure of selected con-
figurations is investigated from first principles (see
Methods section). During the annealing process, we
find that the carbon atoms segregate into isolated is-
lands. This is consistent with recent experimental
results."? As the islands are formed, we also find that
the electronic density of states evolves from a feature-
less, gapless D(E) to one that has a band gap near the
Fermi level. This indicates that, for a given stoichiome-
try, the electronic and optical properties of B—C—N
nanotubes and layers can be tuned by the degree of po-
sitional disorder.

RESULTS AND DISCUSSION
As in the case of carbon3* nanotubes, we will use
the (n,m) indexing to define the nanotube chiral struc-

ture. In carbon nanotubes, the electronic structure is
strongly dependent on chirality,>* while in BN nano-
tubes, it is not.*® As models for the B—C—N nanotubes,
we will first consider zigzag (6,0) and armchair (4,4)
nanotubes, both with a large unit cell of 96 atoms. The
diameter of such tubes corresponds to the lower bound
in synthesized B—C—N nanotubes.® We will also con-
sider graphene-like B—C—N layers, also with large unit
cells of 96 atoms. Besides modeling monolayers of hy-
bridized boron nitride and graphene, this would also
provide a model for large diameter nanotubes.

In an initial configuration, we randomly select, for
each of the 96 sites, that the atom at that site is B, C,
or N with equal probability. This corresponds to an in-
tentional 1:1:1 stoichiometry. However, due to the ran-
dom nature of the procedure, the resulting stoichiome-
try is slightly off the intentional one. To take into
account these local fluctuations in stoichiometry (which
should occur in real samples), we consider a small en-
semble of “theoretical samples” resulting from the ini-
tial sorting procedure, each one with its own stoichiom-
etry. The number of B, C, and N atoms in each of the
seven samples is shown in Table 1.

To build the model of B—C—N layers, the cells are
periodically repeated along the layer plane, and the ge-
ometry is optimized using the first-principles methodol-
ogy described below. To build the model of B—C—N
nanotubes, the cells are deformed into a cylindrical unit
cell, which is periodically repeated along the tube axis,
and the geometry is further optimized from first prin-
ciples. As the cells are rectangular-shaped, with borders
along either the zigzag or the armchair directions, we
can build either zigzag (6,0) or armchair (4,4) nanotubes.
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Figure 1. Optimized geometries of the unit cells of B—C—N layers (top) and armchair nanotubes (bottom) corresponding to
sample c of Table 1. Left: layer and nanotube models corresponding to the initial random configuration of B, C, and N atoms.
Middle and right: resulting models during the simulated annealing process, respectively, after 18 X 10° and 38 X 10° Monte
Carlo steps. The blue, black, and white circles represent carbon, boron, and nitrogen atoms, respectively.
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In Figure 1, we show the optimized geometries of the
unit cells of B—C—N layers (top) and armchair nano-
tubes (bottom) corresponding to sample c of Table 1,
which has 32 atoms of each type. In Figure 2, we show
the corresponding geometries for the zigzag nano-
tubes. In the left panels of Figures 1 and 2, we show
the layer and nanotube models corresponding to the
initial random configuration of B, C, and N atoms. In the
middle and right panels of Figures 1 and 2, we show
the resulting models during the simulated annealing
process, to be described below.

Having set the initial random configuration of each
of the seven samples (either nanotubes or layers), we
proceed to a configurational optimization through a
Monte Carlo simulated annealing® procedure. In this
procedure, at iteration i, we randomly select first-
neighbor atoms in the unit cell and exchange these at-
oms with probability P = min[1,e"25%"] where AE is
the total energy change upon the atom exchange and
T; is the simulation temperature at iteration i. AE is cal-
culated with a previously proposed bond-energy
model' (see Methods section). The Monte Carlo simu-
lations aim at obtaining unbiased, low-energy B—C—N
structures. For that purpose, the initial temperature was
set at To = 11 600 K, ensuring a complete B, C, N atom-
type disorder at the beginning of the simulation. The
atomic positions are fixed and are not degrees of free-
dom in the Monte Carlo simulation; therefore, the fact
that T, is higher than the fusion temperature of carbon,
3800 K, is not relevant for the purposes of the simula-
tion. The temperature decreases linearly as a function of
the number of Monte Carlo iterations, in such a way
that at iteration i the temperature is T; = To(max — i)/
max, where max is the maximum number of iterations.

In Figure 3, we show several stages of the simu-
lated annealing procedure of sample a, starting from
the initial, random configuration of B, C, and N atoms,
up to the final, stable configutation after 40 000 000
Monte Carlo steps. The figure shows that, in the early
stages of the annealing (up to about 50 000 steps), the
atomic exchanges result in the reduction of “wrong”
B—B and N—N bonds, leading to a mixture of small car-
bon and BN regions. After a few million Monte Carlo
steps, these small regions start to coalesce, leading to
a progressive segregation of B—C—N into separate
graphene and “BN graphene” regions. All of the seven
samples depicted similar evolutions along the simu-
lated annealing procedure, resulting in irregular
graphene islands that tend to form zigzag edges on
their borders. In particular, for structures with the same
number of B and N atoms, the number of C—N bonds
at the border of the graphene island is the same as the
number of C—B bonds (this can, in fact, be proven as a
theorem). We find that, in all cases, for different initial
configurations and stoichiometries, the single-island
formation occurs at nearly 80% of the steps, at temper-
atures on the order of 2300 K. We should mention that
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Figure 2. Optimized geometries of the unit cells of B—C—N zigzag nano-

tubes corresponding to sample c of Table 1. Left: initial random configu-

ration of B, C, and N atoms. Middle and right: configurations after 18 x 10°
and 38 x 10° Monte Carlo steps, respectively. The blue, black, and white

circles represent carbon, boron, and nitrogen atoms, respectively.

there is no time scale in the Monte Carlo simulations.
Therefore, comparison with experimentally obtained
island-formation temperatures is limited because the
latter would depend on the cooling rate.

As discussed in the previous paragraph, the Monte
Carlo simulations result in irregular-shaped graphene is-
lands. We also considered the possibility of formation
of a regular-shaped island. Among the considered theo-
retical samples (from a to g, see Table 1), sample c has
32 carbon atoms. These atoms can be arranged in a
symmetrical shape. We have performed a geometry-
optimized first-principles calculation for this regular-
island structure, which is shown in Figure 4. The total
energy of this structure is 29 meV per carbon atom
lower than that of the corresponding irregular-shaped
island obtained by the Monte Carlo procedure; there-
fore, the symmetrical structure is more stable. Interest-
ingly, both types of islands (regular and irregular) have
been observed in recent experiments. In the work by Ci
et al.? all islands have irregular shapes, while in the
work by Krivanek et al.,' a small, symmetrical island of
6 carbon atoms was observed.

We have seen that the main phenomenon that oc-
curs during the simulated annealing is the progressive
segregation of B—C—N into larger carbon and BN re-
gions. (The tendency toward segregation is consistent
with a previous first-principles study?? that shows that,
in the case of B—C—N layers and nanotubes consisting
of alternate stripes of C and BN, the ones with the low-
est energy per atom are those with the widest stripes.)
Let us now investigate the consequences of this segre-
gation on the electronic properties of B—C—N layers
and nanotubes. This will be done by selecting charac-
teristic stages in the simulated annealing process and
by performing first-principles calculations with full ge-
ometry optimization for those stages. We have chosen
three stages: the initial random distribution of B, C, and
N atoms; the final, converged structure after the anneal-
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(d) N = 2x10 steps

Figure 3. Several stages of the simulated annealing procedure of sample a, starting from the initial, random configuration
of B, C, and N atoms, up to the final, stable configutation after 40 000 000 Monte Carlo steps. The blue, black, and white circles
represent carbon, boron, and nitrogen atoms, respectively.

ing process; and an intermediate stage, after 18 X 10°
Monte Carlo steps.

Figure 5 shows the evolution of the total density of
states, D(E) (broadened by Gaussians with a standard
deviation of 0.5 eV), of a B—C—N layer built from
sample ¢, which has an equal number of B, C, and N at-
oms, on the three stages of the simulated annealing
process. The position of the B, C, and N atoms in the
layer unit cell is shown in the top panel of Figure 1 for
the three stages. In the initial stage (random distribu-
tion of atoms), the electronic structure of the layer does
not present a band gap at E¢, and D(E) is essentially fea-
tureless. At the intermediate stage (after 18 X 10°
Monte Carlo steps), a strong depletion of D(E) in a re-
gion of about 1 eV near the Fermi level E can be clearly
seen. At the final stage (converged struture), the deple-
tion of D(E) near Er widens and takes the characteristic
V shape of D(E) of graphene near E.

In Figure 6, we show the evolution of the band struc-
ture of the (4,4) B—C—N nanotube built from sample c
and shown in the lower panel of Figure 1. (One should

Figure 4. Symmetrical, regular-shaped island of 32 carbon
atoms.
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note that the band dispersions shown in Figure 5 and
6 should not be taken as dispersions for the real sys-
tems, but rather effects of a finite unit cell in a model
with periodic boundary conditions simulating a disor-
dered system.) The position of the B, C, and N atoms in
the nanotube unit cell is shown in the bottom panel of
Figure 1 for the three stages. In the initial stage, the
electronic structure of the nanotube does not present
a band gap at E¢, with bands crossing the Fermi level. At
the intermediate stage, a band gap of about 1 eV ap-
pears in the band structure. In the final stage, a wider
band gap of 1.6 eV develops. Interestingly, the lowest
unoccupied band for the intermediate stage corre-
sponds to a localized electron state near the isolated
carbon atom, surrounded by four nitrogen atoms, that
can be seen in the lower-middle panel of Figure 1. At
the final stage of the Monte Carlo simulation, this iso-
lated carbon atom is removed from the BN region. To
estimate the energy barrier for such a diffusion process,
we have performed a geometry-optimized first-
principles calculation where we replace the isolated car-
bon atom with the nitrogen atom at its left in Figure 1.
The calculated energy cost for such an atom exchange
is 3.8 eV.

The evolution of the electronic structure of the (6,0)
B—C—N nanotube during the simulated annealing pro-
cess is shown in Figure 7. The corresponding nano-
tube geometries are shown in Figure 2. In the initial,
atom-disordered stage, the electronic structure pre-
sents a small band gap of 0.21 eV. In the intermediate
stage, the band gap increases to 0.48 eV, and in the fi-
nal stage, it reaches 0.63 eV. Therefore, a similar phe-
nomenology regarding the evolution of the electronic
structure (the progressive increase of the band gap) was
found for the B—C—N layer, the B—C—N zigzag nano-
tube, and the B—C—N armchair nanotube.
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this disordered material. Therefore, the single-
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particle band gap and the mobility gap may
differ significantly.

The confinement of electronic states near
Er at the graphene islands of the B—C—N nano-
tube in the final stage of the simulated anneal-
ing process, discussed in the preceding para-
graph, also occurs in the B—C—N layer. This
can be seen in Figure 8, which shows the par-
tial density of states (PDOS) projected at B, C,
and N atoms of the B—C—N layer built from
sample c at the final stage of the simulated an-
nealing process. The B-projected and the

0
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E-E_(eV)

Figure 5. Evolution of the total density of states, D(E), of a B—C—N
layer built from sample ¢, which has an equal number of B, C, and N at-
oms, on three stages of the simulatted annealing process. The posi-
tion of the B, C, and N atoms in the layer unit cell is shown in the top

panel of Figure 1 for the three stages.

Another interesting feature of the band structure of
the B—C—N nanotube in the final stage, seen in Figure
5,is that the two uppermost valence bands and the two
lowest conduction bands (in the vicinity of Ef) are sparse
(i.e., well-separated in energy) and dispersionless (i.e.,
they are flat bands). Our interpretation for the origin of
those flat bands is that they are essentialy electronic
states confined to the graphene “island” that is im-
mersed in the BN matrix. These states, similarly to those
in ordered C/BN nanotubes,?® decay exponentially away
from the graphene island, and as the islands are rela-
tively distant from each other, the hopping matrix ele-
ment t between islands is rather small. As bandwidths
scale as t, this leads to bands with very small dispersion.
These states will not contribute to electronic transport,
and their energies will be in the mobility gap region of

Initial

Intermediate

N-projected PDOS are strongly depleted in a
wide energy region (of about 4—5 eV) near E.
This is characteristic of the electronic struc-
ture of the BN layer, which has a wide band
gap. In contrast, the C-projected PDOS is much
less depleted near Eg, depicting the “V shape”
of graphene. Therefore, the electronic states
with energies between —7 and —2 eV will be
essentially electronic states confined to the graphene
island.

We have investigated so far the electronic structure
of sample ¢, which has the same number (32) of B, C,
and N atoms. What would be the effect of deviations
from this stoichiometry on the electronic structure? To
investigate that, we calculated the (broadened) density
of states D(E) for samples ¢, f, and g, which have stoichi-
ometries that differ from that of sample c at their final,
converged, atomic configurations. These D(E) values are
shown in Figures 8, 9, and 10. The figures also show, as
vertical dashed lines, the energy values corresponding to
the highest occupied molecular orbital (HOMO) and the
lowest unnocupied molecular orbital (LUMO) eigenval-
ues. The HOMO and LUMO eigenvalues of all samples in
their final configurations are also listed in Table 1.
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Figure 6. Evolution of the band structure of the (4,4) B—C—N nanotube built from sample c at three stages of the simu-
lated annealing. The position of the B, C, and N atoms in the nanotube unit cell is shown in the bottom panel of Figure 1

for the three stages.
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Figure 7. Evolution of the band structure of the (6,0) B—C—N nanotube built from sample c at three stages of the simu-
lated annealing. The position of the B, C, and N atoms in the nanotube unit cell is shown in Figure 2 for the three stages.

Figure 9 shows the density of states (DOS) for
sample e, which has the same number of B and N at-
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Figure 8. Partial density of states projected at B, C, and N
atoms of the B—C—N layer built from sample c at the final
stage of the simulated annealing process. The vertical

dashed lines indicate the HOMO and the LUMO eigenvalues.
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Figure 9. Partial density of states projected at B, C, and N atoms
of the B—C—N layer built from sample e at the final stage of the
simulated annealing process. The vertical dashed lines indicate
the HOMO and the LUMO eigenvalues.

A

oms (34), but which has a smaller carbon content as
compared to sample c. A comparison between Figures
8 (for sample e) and 7 (for sample c) shows that the elec-
tronic structure is very similar for both cases, except
that, for sample e, the projected D(E) at the carbon at-
oms has a smaller weight, as expected. This suggests
that small variations in carbon content would lead to
small modifications in electronic properties.

Figure 10 shows D(E) for sample f, which has more
B atoms (34) than N atoms (31). By comparing this re-
sult with that of the (stoichiometric) sample ¢, shown in
Figure 7, one can see the following major modifica-
tions: (i) the appearance of a new peak in D(E) at Eg, near
the energy value of the top of the valence band of the
stoichiometric sample ¢; (ii) the HOMO and the LUMO
are near each other and right at the center of the new
peak in D(E). Our interpretation is that this new peak has
the characteristics of an acceptor impurity band, which
is consistent with the excess of (acceptor-type) B atoms.
The reason for the small band gap, in this case, is the
fact that E¢ lies at the center of an energy region with
a high density of states.

Figure 11 shows D(E) for sample g, which has more
N atoms (34) than B atoms (31). By comparing this D(E)
with that of the (stoichiometric) sample c, shown in Fig-
ure 7, one can see the following major modifications:
(i) similar to the previous case (sample f), there is a new
peak in D(E) at E, but in the present case, it is near the
energy value of the bottom of the conduction band of
the stoichiometric sample ¢; (ii) the HOMO and the
LUMO are near each other, and right at the center of
the new peak in D(E). Our interpretation is that this new
peak has the characteristics of a donor impurity band,
which is consistent with the excess of (donor-type) N at-
oms. The reason for the small band gap, similar to the
previous case, is the fact that E; lies at the center of an
energy region with a high density of states.
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The appearance of features in D(E) resembling ac-
ceptor or donor impurity bands in the case of samples
with excess of B or N atoms, respectively, as well as the
featureless behavior of D(E) near E; in the initial, ran-
dom configurations might be related to the nature of
the on-site disorder in the Hamiltonian of B—C—N sys-
tems. Many years ago, Velicky et al.3”38 investigated the
properties of a disordered binary alloy within a tight-
binding-type Hamiltonian. The main parameters of that
model were the on-site disorder 8 = (Ex — Eg)/w, where
Ex and Eg are the on-site matrix elements at sites of
atom type A and B, respectively, and w is the valence
bandwidth; and ¢, the relative concentration of type A
atoms. One of their results was that the virtual crystal
approximation (VCA)*® is only applicable for small val-
ues of §; In that case, the band structure of the mixed al-
loy resembles that of a pure A or B system. For this rea-
son, the small § regime was named VCA regime.®® For
larger values of 3, the VCA is not a good approximation,
and the electronic structure of the disordered system
is in the so-called regime of split-off impurity band,*® so
named because an impurity band is formed above the
host band for small values of c. We have observed three
independent features that suggest that the B—C—N
system is in the regime of split-off impurity band. First,
the difference Ey — Eg between the on-site matrix ele-
ments of the boron and the nitrogen sites is of the or-
der of 5 eV (in a nearest-neighbor hopping orthogonal
basis tight-binding model, the band gap of BN is given
by Ey — Eg). Therefore, 3 is not small. Second, the DOS
for systems with a small excess of B or N atoms (see Fig-
ures 9 and 10) depicts features that resemble split-off
bands (near the top of the valence band for B excess
and near the bottom of the conduction band for N ex-
cess). Third, the VCA would lead to a qualitatively incor-
rect result if applied to this system in the initial, disor-
dered configuration, for the following reason: within
VCA, the Hamiltonian would be that of a “renormalized
graphene”, and the resulting DOS would have the same
qualitative feature as that of graphene, that is, null at
Er and V-shaped in the vicinity of E. This is qualitatively
different from our first-principles result for the initial,
disordered configuration, which is a finite and feature-
less D(E) near Eg.

CONCLUSIONS

In the present work, we investigated structural and
electronic properties B—C—N layers and nanotubes
considering the positional disorder of the B, C, and N at-
oms, with a combination of ab initio and empirical

METHODS

The total energies used in the simulated annealing proce-
dure are calculated with the bond-energy model of Mazzoni et
al’® In this model, the total energy is given by

Ernodel = 2 NopEap M
af
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Figure 10. Partial density of states projected at B, C, and N atoms of
the B—C—N layer built from sample f at the final stage of the simu-
lated annealing process. The vertical dashed lines indicate the HOMO
and the LUMO eigenvalues.

model calculations. During the annealing process, we
find that the carbon atoms segregate into isolated is-
lands immersed in the BN layer. In the case of layers and
nanotubes with the same number of B and N atoms,
we find that the band gap increases during the simu-
lated annealing. This indicates that, for a given stoichi-
ometry, the electronic and optical properties of B—C—N
layers and nanotubes can be tuned by growth kinetics.
We also find that small deviations from the ideal 1:1:1
stoichiometry may lead to large variations in the band
gap and work function.

Total DOS

1 I BPDOS
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Density of States
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E-E ; (eV)

Figure 11. Partial density of states projected at B, C, and N atoms of
the B—C—N layer built from sample g at the final stage of the simu-
lated annealing process. The vertical dashed lines indicate the HOMO
and the LUMO eigenvalues.

where i is the structure index, o, B = C, B, N, and n{xﬁ is the num-
ber of a, B bonds in structure i. The relevant parameters in the
model, parametrized from first-principles calculations,® are all
the possible first-neighbor bond energies, namely, ecg, ecn, €ans
£cc, €8s, Enn. IN @ previous study,'® it was shown that the bond-
energy model of eq 1 allows quantitative predictions as com-
pared to first-principles calculations for small-unit-cell B—C—N
structures.
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The electronic structure, the energetics, and the geometry
of selected configurations obtained in the simulated annealing
procedure are investigated from first principles. The first-
principles calculations are performed in the framework of
Kohn—Sham density functional theory (DFT),* within the
generalized-gradient approximation (GGA)*® and norm-
conserving pseudopotentials*! in the Kleinman—Bylander factor-
ized form.*?> We use the LCAO method implemented in the SI-
ESTA code, ™% with a double-{ basis set plus polarization orbit-
als. All geometries were relaxed until the total force on each
atom was less than 0.05 eV/A. The calculational parameters are
the same as those of a previous work.'® Similarly to that work, we
also find a quantitative agreement between the bond-energy
model of eq 1 and the first-principles results: considering the
seven theoretical samples in Table 1, the rms deviation between
the model energies and the total energies of the first-principles
calculations is 9.8 meV/atom, and the largest single deviation is
14 meV/atom (for sample g).
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