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Electronic structure and energetics of B,C/ N, layered structures
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We investigate the relative stability and electronic structure of several B,C,N_ layered structures using
first-principles calculations. The twenty structures we considered are derived from a graphite layer by placing
carbon, nitrogen, or boron atoms on each site. Interestingly, a structure with B3C,Nj3 stoichiometry was found
to be more stable than the eight BC,N structures in our study. The BCN compositions we considered present
a wide range of electronic behaviors. In general, we observe that structures with large values of the electronic

band gap have a B/N (x/z) ratio of one.
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Layered materials with sp? covalent bonding present a
wide range of electronic and structural properties. Carbon
nanotubes,! for instance, can be either semiconducting or
metallic depending on their geometry,” while bulk graphite
behaves as a semi-metal. Fully replacing carbon in graphite
layers by alternating boron and nitrogen atoms leads to the
formation of hexagonal boron nitride (h-BN), and to the
opening of a large band gap which remains essentially unal-
tered when an h-BN sheet is rolled up to form a BN
nanotube.’ An interesting possibility is the partial substitu-
tion of carbon by boron and nitrogen in graphite, leading to
the formation of ternary B,C,N, layered compounds of dis-
tinct stoichiometries, some of which have already been syn-
thesized in chemical vapor deposition experiments.*> This
provides a route to the production of layered structures hav-
ing electronic properties that are intermediate between those
of graphite and h-BN, making it possible to tune the com-
pound electronic structure to the needs of particular applica-
tions.

While some experimental works® have shown that BC,N
thin films emit visible light, even with indirect bandgaps,’
similar experiments on B,C,N, nanotubes® indicate that
transport properties depend on the relative C and BN frac-
tions. Concerning structural properties of B,C,N_ nanotubes
and thin films, some synthesis methods lead to partial segre-
gation between C and BN, which results in island-like
conﬁgurations,9 while others lead to structures in which C,
B, and N atoms are mixed.®!'? Previous first principles theo-
retical works have analyzed the electronic structure!!'~!3 and
energetics'! of a few specific BC,N structures.

In this paper, we apply density-functional-theory (DFT)
first-principles calculations to study the relative stability and
electronic structure of B,C\N, layered structures with dis-
tinct atomic configurations and compositions. Our ab initio
methodology is based on the density functional theory'# as
implemented in the SIESTA program.'> We use norm-
conserving Troullier-Martins pseudopotentials'® in the
Kleinman-Bylander factorized form,'” and a double-{ basis
set composed of numerical atomic orbitals of finite range.
Polarization orbitals are included for all atoms, and we make
use of the generalized gradient approximation (GGA)'8 for
the exchange-correlation potential. All geometries were re-
laxed until the total force on each atom was less than
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0.05 eV/A. We consider twenty distinct B,C,N, layered
structures, with the unit cells indicated in Fig. 1. Four differ-
ent stoichiometries are considered, namely, BCN,, B,CN,
BC,)N, and B;C,Nj, as indicated in Table 1.

In order to address the relative stability of the various
B,C,N. structures under different  stoichiometric
conditions,'” we introduce the theoretically calculated
chemical potentials wy, pg, and uc for nitrogen, boron, and
carbon, respectively. The chemical potentials for B and N are
linked by the equilibrium thermodynamic condition uy
+ up=upn, Where ugny=-350.18 eV is the chemical poten-
tial for a BN pair in bulk h-BN. Moreover, uy and ug may
not exceed the chemical potential of the bulk phases, i.e.,
UNB) S ,u,’ﬁft[g). Under boron-rich conditions, the excess of B

precipitates as bulk boron, hence we define our boron-rich
environment by the limiting case wp=us"¥, where u*
=-77.23 eV is the total energy per atom for the metallic
a-boron phase. From wug and the equilibrium constraint, we
obtain un=pupn—up- Similarly, in a nitrogen-rich environ-
ment we use un=uy » where ,LL{’\]””‘=—270.15 eV is the total
energy per atom of the @—N, phase of solid nitrogen, and
Mp=MpN—mN- The chemical potential for C, puc
=154.86 ¢V, is obtained from a calculation for bulk

graphene.
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FIG. 1. B,C,N, layered structures considered in this work. Bo-

ron, carbon, and nitrogen atoms are represented by white, gray, and
black circles, respectively.
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TABLE I. Formation energies (in eV/atom) of the B,C,N, struc-
tures shown in Fig. 1, for N-rich (first column) and B-rich (second
column) environments. In each case, the corresponding panel in
Fig. 1 is indicated, and the band-gap energy (at the GGA level) is
given in the last column.

N-Rich B-Rich Egap
Structure (eV/atom) (eV/atom) (eV)
BCN, (a) 0.25 0.95 0.76
BCN, (b) 0.37 1.07 0.00
BCN, (k) 0.40 1.10 0.25
B,CN (c) 1.00 0.32 0.00
B,CN (d) 0.99 0.31 0.00
B,CN 1 0.98 0.30 0.00
B,CN (e) 0.53 0.53 1.98
BC,N (f) 0.22 0.22 1.57
BC,N (2) 0.69 0.69 0.00
BC,N (h) 0.14 0.14 1.07
BC,N (m) 0.29 0.29 0.00
BC,N (n) 0.33 0.33 1.29
BC,N (0) 0.38 0.38 0.00
BC,N ) 0.35 0.35 0.00
B,C,N; () 0.28 0.28 2.45
B3C,N; @ 0.12 0.12 1.69
B1C,N; @ 0.40 0.40 0.00
B1C,N; ) 0.36 0.36 0.00
B1C,N; (s) 0.43 0.43 1.50
B1C,N; ) 0.43 0.43 1.45

Using these chemical potentials, the formation energies of
the structures are given by

Ey=E,, — ngpp — INMN — CMCS (1)

where E,,, is the total energy of the B,C /N, layer obtained
from the supercell calculation, and ng, ny, and nc are the
number of B, N, and C atoms, respectively.

The results are shown in Table I for both boron- and
nitrogen-rich environments. The B;C,N; structure in Fig.
1(j), showing a sequence of zig-zag C-C bonds, is found to
be the most stable. Among the carbon-rich BC,N structures,
the most stable is the one shown in Fig. 1(h), which has the
maximum number of C-C and B-N bonds, in a configuration
that is suggestive of a segregated island-like structure. Its
formation energy per atom is only slightly larger that that of
the B;C,N; compound in Fig. 1(j).

Further, from Table I we can draw some general observa-
tions relating bonding patterns and stability of the BC,N
layers: Those with a zig-zag of C-C bonds [(f), (h), and (m)-
(p)] have consistently lower energies than structures with a
parallel sequence of C-C bonds, such as (e) and (g). While
this trend is expected, since more C-C and B-N bonds are
found in the zig-zag structures, it remains true even for struc-
tures such as (o) and (p), that contain one “wrong” B-B or
N-N bond per unit cell, respectively. The enhanced stability
of the carbon zig-zag chain compensates for the highly en-
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ergetic B-B or N-N bond. Note also that between the struc-
tures (m) and (n) that have the same bond counting, structure
(m), having all of its C-C bonds in a zig-zag pattern, has a
slightly lower energy than structure (n), that contains a mix-
ture of zig-zag and parallel C-C bonds.

The energetics of B;C,Nj; layers also points to a marked
stability of zig-zag chains of C-C bonds, as indicated by a
comparison of structures (i), (j), and (q)—(t). In particular,
structures (q) and (r), containing one wrong bond per unit
cell, have lower formation energies than structures (s) and
(t), where no wrong bounds are found. Furthermore, these
two latter structures are fully mixed, i.e., free of C-C bonds,
and have much higher energies than structure (j). For the
other stoichiometries, namely BCN, and B,CN, the general
trend is that nitrogen(boron)-rich structures are more stable
in N(B)-rich environments, but with formation energies
which are at least ~0.1 eV higher than the corresponding
values for the most stable B;C,N3 and BC,N layered struc-
tures.

Overall, we can conclude that, in thermodynamical equi-
librium, zig-zag arrangements of C-C bonds, as well as pat-
terns with segregated h-BN and graphite islands, should be
favored in B,C /N, layered structures. These results are in
agreement with those of Blase et al. for BC,N layers.!! The
tendency of formation of pure C and BN islands or stripes
indicates that “correct” C-C and B-N bonds are favored over
“wrong” C-N, C-B, B-B, and N-N bonds in B,C,N, layered
structures. To quantify that effect in a simple way, we intro-
duce a first-neighbor valence-bond model, based on a bond-
energy parameterization of our ab initio results from the pre-
vious sections. The relevant parameters in the model are all
possible first-neighbor bond energies, namely, €cc, €cg, €cn»
enn, €pp, and egy. In terms of these quantities, the total
energy in the model is given by

Eim = E ”L,Bfiz,e’ (2)
a.B

where i is the structure index, «,8=C,B,N, and n"aﬁ is the
number of af bonds in structure i. The parameters e-c and
egn are obtained from the calculations of the graphene and
h-BN, respectively, and their values are €cc=—103.24 eV
and egn=-116.73 eV. The remaining parameters (ecn=
—141.67 eV, eyn=—178.49 eV €gg=—50.40 eV, and ecg=
—77.09 eV) are obtained by least-square fitting Eq. (2) to the
ab initio total energies of the first ten B,C,N_ structures in
Figs. 1(a)-1(j). Although the model does not include explic-
itly effects of bond distortion and relaxation,?’ it does so
implicitly, in an average way, through the optimized struc-
tures used in the fitting procedure.

In Fig. 2 we compare the ab initio results for the forma-
tion energies with those of the bond-energy model. The
model formation energies E; are calculated with Egs. (1) and
(2), using the chemical potentials calculated from first prin-
ciples. The model gives results in good agreement with the
ab initio ones (within 0.1 eV/atom) both for the structures
used in the fitting (left panel of Fig. 2) and for those not used
in the fitting (right panel of Fig. 2). The model can be used to
shed some light on the stability trends previously reported.
For instance, the model predicts that the energy cost to re-
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FIG. 2. (Color online) Formation energies per atom (in eV/
atom) of the structures in Fig. 1, calculated using the bond-energy
model of Eq. (2), vs the corresponding ab initio results.

place a pair of B-N and C-C bonds by a pair of B-C and N-C
bonds is Ae=(ecn+€cp)—(€gn+€cc)=1.21 eV. This is con-
sistent with the tendency of segregation into islands and
stripes. The model also shows that formation of so-called
wrong B-B and N-N bonds involves a high energy cost: An
energy increase of Ae=(eyn+egp)—2 X egn=4.57 €V is as-
sociated with replacing a pair of B-N bonds by an N-N and a
B-B bond, within the model.

Let us now discuss possible correlations between band
gap and stability for the twenty B,C,N, structures considered
here. Figure 3 shows the DFT-GGA band gap E, as a func-
tion of the formation energy E; for each structure. We men-
tion that, for these systems, the GGA bandgaps should un-
derestimate quasiparticle bandgaps by about 1.3 eV, from
comparisons between our calculations and those of Blase
et al.''?' Zero-gap structures that are metallic due to band
overlap [Figs. 1(1), 1(q), and 1(r)] might become small-gap
semiconductors upon a quasiparticle correction. On the other
hand, the structures shown in Figs. 1(b)-1(d), 1(g), 1(m),
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FIG. 3. (Color online) Electronic band gap E, as a function of
the formation energy E for the B,C,N. structures of Fig. 1. Struc-
tures with x=z (B/N=1) are indicated by open circles. The remain-
ing structures are indicated by open triangles, for N-rich and B-rich
cases.

PHYSICAL REVIEW B 73, 073108 (2006)

1(0), and 1(p) are metallic due to symmetry-related degen-
eracies and will not become insulating upon quasiparticle
corrections. We also mention that the stacking of BN or BCN
layers into “bulk” structures may considerably affect the
bandgaps.'!>!' We observe that, generally, large band gaps
are indicative of high stability, as suggested by the fact that
no structure falls in the high-band-gap and high-formation-
energy quadrant of Fig. 3, and by the marked tendency of the
insulating structures to accumulate in the high-band-gap and
low-formation-energy quadrant. Note, however, that the con-
verse is not necessarily true: among the metallic structures,
some have high values of Ef, while others show similar Ef
values as the large band-gap ones. While these characteriza-
tions of “high” and “small” values for E; and E, are some-
what ad hoc, we believe that Fig. 3 should be indicative of
general trends for B,C,N, layered structures.

Table I indicates that large band gaps are associated to
stoichiometries with a B/N ratio of 1. On the other hand, six
of the structures with B/N=1 are metallic. A more general
trend is observed for the compositions with a B/N ratio dif-
ferent from 1, that have either small gaps or are metallic,
with the exception of the BCN, compound in Fig. 1(a). Pre-
vious works!"'? have analyzed the electronic structure of
BC,N layers on the basis of the symmetry representations of
the electronic states of the pure graphene and BN layers.
This, however, is only useful for compositions that retain
some of the symmetry operations of the parent pure phases.
Here, we adopt a local approach, by looking at the immedi-
ate neighborhood of the graphite-like zig-zag stripes or is-
lands of C-C bonds. This allows us to identify certain com-
position patterns that lead to metallic (semi-metallic, in some
cases) behavior.

Generally, an isolated zig-zag chain of carbon atoms dis-
plays metallic behavior whenever its immediate neighbor-
hood is composed, on both sides, of atoms with an average
valence not equal to four, regardless of the stoichiometry.
This is the case for the BCN, [Fig. 1(b)] and B,CN [Figs.
1(d) and 1(1)] structures that contain C-C zig-zag stripes sur-
rounded on both sides by either nitrogen or boron. The same
holds for the BC,N structure (m), and also for the B;C,N;
structures (q) and (r). The only exception is the BCN, struc-
ture (k), which has a small gap of 0.25 eV.

According to Blase er al.,!' structures with neighboring
C-C zig-zag stripes, forming phase-separated h-BN and
graphite islands, have gaps that become progressively small
as the lateral size of the graphite island increases. Here, we
observe that, like in the case of isolated C-C zig-zag stripes,
even the smaller island-like structures (o) and (p) might be-
come metallic when surrounded on both sides by either bo-
ron or nitrogen atoms.

Due to the more delocalized nature of the boron valence
orbitals, the zig-zag chain of boron atoms, present in struc-
tures (d) and (1), gives rise to a highly dispersive quasi-one-
dimensional metallic band, along the chain direction. For the
same reason, a chain of hexagonal B,C, islands, such as in
the structures (c) and (g), displays metallic behavior.

In summary, we have investigated the relative stability
and electronic structure of several B,C N, layered structures
using first-principles calculations. Among the twenty struc-
tures we considered, the most stable has a B;C,N5 stoichi-
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ometry with lower formation energy than the eight BC,N
structures in our study. The structures present a wide range of
electronic behaviors, with gaps varying from zero to 2.5 eV,
at the DFT-GGA level. While we observe a correlation be-
tween large band gaps and stability, several metallic struc-
tures are found to have relatively low formation energies. In
general, we observe that structures with large values for the
electronic band gap have a B/N ratio of one. Moreover, we
identify certain composition patterns that lead to the forma-
tion of metallic structures. Our results indicate that, in ther-
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modynamical equilibrium, zig-zag arrangements of C-C
bonds, and structures with phase-separated h-BN and graph-
ite islands should be favored in B,C,N, layered structures.
Finally, we propose a simple bond-energy model that repro-
duces quantitatively the first-principles results for the forma-
tion energies of the B,C,N, sheets.
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