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Interlayer stacking and nature of the electronic band gap in graphitic BC,N: First-principles
pseudopotential calculations

Zicheng Pan,' Hong Sun,'>*7 and Changfeng Chen?*-#
'Department of Physics, Shanghai Jiao Tong University, Shanghai 200030, China
2Department of Physics and High Pressure Science and Engineering Center, University of Nevada, Las Vegas, Nevada 89154, USA
(Received 26 January 2006; published 9 May 2006)

Using first-principles calculations we establish the equilibrium structure and resolve the dispute on the
nature of the electronic band gap of the layer-structured graphitic BC,N. The calculated results clearly indicate
the indirect nature of the band gap and provide a quantitative account for the band gap and the dispersion of
the conduction band near the valence band top observed in recent experiments. These results demonstrate the
crucial role of the interlayer interaction and the stacking in determining the electronic property of graphitic

BC,N.
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The ternary BCN materials have attracted considerable
interest in recent years.'"® Among them the layer-structured
graphitic BC,N (g-BC,N) has received special attention
since it is a p-type semiconductor with a particularly reliable
composition in the chemical vapor deposited thin film fabri-
cation. Fundamental issues regarding its structural and elec-
tronic properties have been explored but remain unresolved.
An earlier experiment* concluded that g-BC,N has a direct
band gap. However, it is contradicted by a later experiment
under identical synthesis conditions® that indicated that
g-BC,N is an indirect band-gap semiconductor. On the the-
oretical side, the situation is also unclear. An earlier first-
principles calculation’ was performed for a single graphitic
BC,N sheet (i.e., a monolayer structure). The calculated
electronic band structure is somewhat ambiguous on the na-
ture of the band gap since the lowest conduction band edge
cannot be clearly identified. Common wisdom seems to sug-
gest that the interlayer interaction is weak and unlikely to
have an impact on the qualitative physics in g-BC,N; as a
result, the theoretical work on the monolayer7 has been cited
to discuss both direct* and indirect® band gap scenarios in
bulk g-BC,N. However, the interlayer stacking and its role
in determining the electronic properties remain unexplored.

In this paper we report on an ab initio study of the struc-
tural and electronic properties of the graphitic BC,N. We
conducted an extensive examination of possible stacking op-
tions and identified, based on first-principles total-energy and
dynamic phonon calculations, several stable structures close
in energy but with different stacking positions. The stacking
variations lead to significant differences in electronic band
structures, particularly in the dispersion of the conduction
band near the valence band top. Furthermore, we show that,
contrary to previous results, the monolayer g-BC,N is
clearly a direct band-gap semiconductor and the interlayer
interaction introduces substantial modifications in the disper-
sion that alter the nature of the band gap.

The total-energy calculations have been carried out using
the local-density-approximation (LDA) pseudopotential
scheme with a plane-wave basis set>~'% and a cut-off energy
of 80 Ry. The norm-conserving Troullier-Martins pseu-
dopotentials'' were used with a cut-off radii of 1.3, 1.3,
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1.5 a.u. for N, C, and B, respectively. The total energy of the
structures is minimized by relaxing the structural parameters
using a quasi-Newton method.'? Phonon modes of the crystal
structure were calculated with the linear response theory'3
using the ABINIT code for the equilibrium structures obtained
after the structural relaxation. This approach has been ap-
plied to systems containing B, C, and N, including layered
graphitic structures, with good accuracies on structural pa-
rameters and phonon frequencies.'*!> Although LDA cannot
describe the van der Waals interactions between the layers,
the accurate predictions of the graphitic phases of
carbon,'®!” boron nitride,'® and BC5,'” particularly the inter-
layer distance and the phonon frequency corresponding to
the parallel relative motion of the layers, indicate that the
short-ranged interactions in these structures are described ad-
equately by LDA. We expect this also to be the case for the
layered graphitic BC,N structures given their close similarity
in structural and bonding characters.

The unit cell on one g-BC,N layer in Fig. 1(a) is the
lowest-energy monolayer structure, in agreement with an
earlier calculation.” To examine the interlayer stacking in
ABAB,... sequences, we have chosen, within the symmetry
constraint of the system, a set of twelve initial positions for
the center of the unit cell (CUC) of one layer relative to the
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FIG. 1. (a) The unit cell on one layer of g-BC,N. (b) The initial
interlayer stacking positions. The numbered squares indicate the
locations of the center of the unit cell of one layer relative to the
adjacent layer before the structural relaxation.
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TABLE I. Structural relaxation pattern and number of imaginary
phonon modes (at I') for the 20 g-BC,N configurations.

Initial Final Relaxation Imaginary
position position convergence phonon modes
Al Al Yes
A2, A3 A2 Yes 0
A4 A4 Yes 2
A7 No
A9 A9 Yes 2
All All Yes
Al12 Al12 Yes 0
BI1, B2, B3, B7 B2 Yes 0
B4, B5, B6 B5 Yes 1
B8, B11, B12 B12 Yes 0
B9 No
B10 B10 Yes 2

adjacent layer as shown in Fig. 1(b). There are two topologi-
cally distinct options to orient adjacent layers. Stacking op-
tion A simply introduces the shifts of CUC of layer B relative
to that of layer A as indicated in Fig. 1(b); option B first
exchanges the positions of N and B atoms in layer B before
making the same initial shifts of CUC relative to layer A.
The difference between these two options can also be viewed
from the local bonding environment, namely, the orientations
of the C-N (or C-B) bonds in adjacent layers, which are
parallel (option A) or antiparallel (option B) to each other,
respectively. In option A, there is a C, operation with respect
to the y axis which renders positions 5, 6, 8, and 12 equiva-
lent to positions 3, 2, 7, 10, respectively. This symmetry is
lost in option B due to the difference in local bonding envi-
ronments. Consequently, we consider a total number of 20
initial stacking configurations.

We carried out first-principles total-energy calculations
with full structural relaxations for all 20 configurations and
performed dynamic phonon calculations (at I') on all the
converged structures to test their dynamic stability. The re-
sults are summarized in Table I. This extensive search yields
four stable configurations; their total energies and fully re-
laxed structural parameters are given in Table II. Among
them stacking position A2 is the most common type for a
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FIG. 2. The calculated electronic band structure of g-BC,N-
B12 in the equilibrium structure (¢c=6.44 A) and an artificially ex-
panded (along the c-axis) structure. The k-vectors are defined in the
upper right panel; point I is above point N along the k, axis. The
vertical dashed line indicates the position of the conduction band
bottom. The different scales of the reciprocal space are due to the
change in the interlayer distance. The GW results along K—I" for
the bottom conduction band and top valence band compared to the
LDA results are shown in the lower right panel.

graphitic structure while position B12 is unusual in that ad-
jacent layers are different in topology with opposite orienta-
tions for the C-N (or C-B) bonds. Our calculated lattice pa-
rameters compare well (within 1% for a and 3%—5% for ¢)
with available experimental data'®?® and slightly underesti-
mate them as is typical for LDA calculations. It should be
noted that the experimental data are extracted assuming an
ideal hcp structure (i.e., b/a=1.732) while our fully relaxed
structural data deviate slightly from this ideal arrangement.
Despite that the four structures are close in energy, we will
show below that only the lowest-energy structure, g-BC,N-
B12, with the unusual stacking provides a quantitative ac-
count for the key features of the electronic properties ob-
served in the reported experiments.*©

Figure 2 shows the calculated electronic band structure of
g-BC,N-B12 in the equilibrium structure along with that in
an expanded (along the c-axis) structure. At ¢=16.0 A, the
latter is essentially equivalent to a monolayer with little in-
terlayer interactions as clearly indicated by the dispersionless
bands along the N-I direction. In this case, g-BC,N is clearly
a direct band-gap (of 1.5 eV) semiconductor. As ¢ is reduced
to its equilibrium value, significant changes occur in the
band structure. A strong dispersion develops along the N-I

TABLE II. Calculated total energies and structural parameters. a and b are indicated in Fig. 1(a), and ¢/2
is the interlayer distance. x, and y, are the coordinates of the center of the unit cell of one layer relative to

that of the adjacent layer in the fully relaxed structure.

E (eV/atom) a (A) b (A) c/2 (A) xo (A) yo (A)

g-BC,N-A2 -165.3179 2.466 4323 3.239 0 -1.692

g-BC,N-A12 —-165.3130 2.465 4.324 3.307 1.233 0.908

g-BC,N-B2 -165.3151 2.465 4.324 3.249 0 —-1.479

g-BC,N-B12 -165.3191 2.465 4323 3.218 1.233 0.818
Experiment 2475 3.38
(Refs. 19 and 20) 2.482 3.310
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direction, indicating substantial interlayer interactions. The
valence band top at the N point drops by about 1.0 eV which
shifts the top of the valence band toward the K point. Mean-
while, even more pronounced changes occur in the conduc-
tion band. While the original conduction band bottom at the
N point also drops by about 1.0 eV, maintaining a 1.5 eV
gap at the N point, the conduction band bottom near the K
point (along K-I") drops by about 1.5 eV with a steep dis-
persion. The resulting band structure has an indirect gap, in
agreement with recent experiment.6 Moreover, the calculated
downward dispersion of 1.0 eV of the conduction band from
the K point to its bottom over a change of Ak=0.35 A~ is in
good agreement with the experimentally determined® disper-
sion of 0.7 eV over Ak=0.32 A~!. For further comparison,
we performed GW calculations?! for the bottom conduction
band and top valence band along K-I'. The GW vertical
band gap increases from the LDA value of 1.4 eV to 2.05 eV
which is in excellent agreement with the experimental value
of 2.1 eV.* The GW indirect band gap of 0.82 eV is some-
what smaller than the experimental value of 1.4x0.1 eV.® A
possible source for this discrepancy is that the samples used
in the experiment may not have exactly the same stoichiom-
etry and atomic structure as those considered in the present
paper. Most importantly, it is noted that the GW calculation
has little effect on the LDA band dispersion. Consequently,
the LDA dispersion can serve to discriminate among differ-
ent g-BC,N structures with distinct interlayer stacking con-
figurations.

Figure 3 shows the band structures of the other three
stable configurations of g-BC,N. None of them fits the ex-
perimental results.® In the case of g-BC,N-A2, the down-
ward shift of the valence band top and the conduction band
bottom at the N point and the development of the new va-
lence band top at the K point are similar to those in Fig. 2,
but the conduction band near the K point (along K—1I") drops
by only 0.5 eV, leaving the bottom of the conduction band
still at the N point as shown in the top panel of Fig. 3. More
significantly, it results in a very weak dispersion of the con-
duction band in the vicinity of the valence band top; within
the experimental range of Ak=0.32 A~! the dispersion is
only 0.15 eV which is almost a factor of five smaller than the
experimental value of 0.7 eV.® The band structures of
g-BC,N-A12 and g-BC,N-B12 also do not fit the experi-
mentally observed features. It is clearly seen in Fig. 3 that
g-BC,N-A12 has a direct band gap near the N point and the
conduction band dispersion in the vicinity of the valence
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FIG. 3. The calculated electronic band structures of g-BC,N-
A2, A12, and B2 in their equilibrium structures.

band top is upward, which is opposite to that observed in the
experiment. Meanwhile g-BC,N-B2 is an indirect band-gap
semiconductor, but its conduction band bottom is too far
away from the valence band top to account for the experi-
mentally measured dispersion. Consequently, these three
structures are ruled out, leaving only g-BC,N-B12 as the
structural assignment for the experimentally synthesized gra-
phitic BC,N.

In summary, our first-principles total-energy and dynamic
phonon calculations have established the equilibrium struc-
ture of g-BC,N. The results resolve the dispute on the nature
of the band gap in g-BC,N and highlight the importance of
the interlayer interaction that is usually considered weak but
turns out dominating some key features of the electronic
band structure.
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