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Stability and electronic properties of vacancies and antisites in BC,N nanotubes
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The equilibrium geometry, energetic, and electronic properties of antisites and vacancies in BC,N nanotubes
are studied by spin density-functional calculations. We investigate these defects in both the zigzag (4,0) and the
armchair (3,3) nanotubes. We find that boron and nitrogen, occupying nonequivalent carbon sites (B¢y and
N¢yp) in both tubes, have the lowest formation energies, showing that they are energetically favorable to form
under B-rich and N-rich growth conditions. They also exhibit acceptor and donor properties, suggesting the
formation of defect-induced p-type and n-type BC,N nanotubes. In addition, carbon at boron and nitrogen sites
(Cg and Cy) also exhibit p-type and n-type properties, respectively, as well as low formation energies. Vacan-
cies are less favorable defects with high formation energies as compared to the most stable antisites. Once a
vacancy is formed, a strong reconstruction occurs, resulting in an undercoordinated atom which typically gives
rise to deep levels in the band gap, changing the electronic properties of the nanotube. Our results suggest that
with suitable growth conditions, it would be possible to synthesize BC,N nanotubes with intrinsic donor and
acceptor character by inducing selective antisite defects.
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I. INTRODUCTION

The structural similarity between graphite and boron ni-
tride graphitic compound coupled with the fact that both ma-
terials can form tubular structures has suggested the exis-
tence of intermediate ternary compound B,C,N. nanotubes.'
These nanotubes were predicted by calculations!™* and re-
cently synthesized using different methods such as chemical-
vapor deposition,>” arc discharge,®'° and pyrolysis.'! A re-
view on growth methods of BCN nanotubes can be found in
Ref. 12. It is believed that their stability and electronic prop-
erties can vary between the homogeneity of carbon nano-
tubes (CNTs) and the heterogeneity of boron nitride nano-
tubes (BNNTs), depending on the stoichiometry. First-
principles calculations have shown that CNTs can be metallic
or semiconducting, depending on the tube diameter and
chirality.'*> However, similar calculations show that all
BNNTSs are semiconducting with an almost fix energy gap of
about 5.5 eV, independent of the geometry.'* The above re-
sults suggest that the electronic properties of BCN nanotubes
could be controlled by suitable variations in their stoichiom-
etry, resulting attractive as an electronic device material.

For the hexagonal compound B,C|N_ structure, the BC,N
stoichiometry is believed to be the most stable. Three stable
ternary nanotubes obtained by rolling the hexagonal BC,N
sheet are known, which are labeled as types I, II, and IIL.1>
Theoretical results by Miyamoto et al.' have shown that (2,2)
BC,N nanotubes of type I are metallic, whereas those of type
IT are semiconducting. In that work, it is also suggested that
the electronic properties of type-I nanotubes are expected to
be similar to those of the carbon ones, i.e., metal or semi-
conductor, depending on their diameter and chirality. On the
other hand, type-II nanotubes are expected to be semicon-
ductors like the BN ones. Concerning the stability, the
type-1I structure optimizes the bond energy by maximizing
the number of C-C and B-N bonds, which are stronger than
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the bonds resulting from other combinations of B, C, and N
atoms. This would explain the higher stability obtained by ab
initio calculations for the type-II structure as compared to
types I and III.

Recently, calculations in BCN compound nanotubes have
shown that these nanostructures are very promising for
energy-storage applications due to their superior lithium ad-
sorption capability,'¢ as well as for nanotube-based molecu-
lar sensors.!” These calculations were performed considering
pristine nanotubes. However, an important point not yet elu-
cidated in this kind of tube is the role played by defects, such
as antisites (an atom occupying the site of another one) and
vacancies (the absence of an atom). These defects may be
present in the samples or may be induced by irradiation in
the case of vacancies. According to tight-binding calcula-
tions, BC,N nanotubes containing antisites such as carbon in
a boron site (Cg) and carbon in a nitrogen site (Cy), are
found to give rise to shallow levels in the nanotube band gap,
showing p-type and n-type characters, respectively.! How-
ever, other antisites, such as N¢ and B, are expected to have
similar electronic properties. Thus, it is important to explore
the stability of different defects in ternary nanotubes to have
an entire picture about their possible use as electronic mate-
rials. In this work, we investigate the energetic and electronic
properties of all vacancies and antisites in BC,N nanotubes
by first-principles calculations.

II. THEORETICAL METHOD

The calculations were carried out in the framework of the
spin density-functional theory, with the generalized gradient
approximation to the exchange-correlation functional.'® We
use a basis set consisting of strictly localized numerical
pseudoatomic orbitals, as implemented in the SIESTA code,!
namely, double-{ (DZ) basis set. Norm-conserving
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pseudopotentials® in their fully separable form?! are used to
describe the electron-ion interaction. Vacancy and antisite
defects are studied in type-II BC,N nanotubes, the zigzag
(4,0) and the armchair (3,3), which have 6.54 and 8.34 A in
diameter, respectively. Both (3,3) and (4.0) tubes were de-
scribed with supercells containing two basic BC,N unit cells,
containing 96 and 128 atoms, respectively, where periodic
boundary conditions are applied along the tube axis. We con-
sider one defect per supercell, which means we are calculat-
ing an infinite nanotube with linear density of defects. Thus,
the densities of defects in (3,3) and (4,0) nanotubes are ap-
proximately of 0.06 and 0.07 defect/A, respectively.

For the Brillouin-zone (BZ) sampling, we use two special
k points,?* along the tube axis. We check the band structure
and the equilibrium geometry for nitrogen occupying a car-
bon site (N¢y) in the (4,0) tube, a metallic system, consider-
ing six k points according to the Monkhorst-Pack mesh.?
Our results do not show any significant variation in the struc-
tural and electronic properties with respect to the two k-point
calculations. The variation in the total energy between both k
samplings is found to be of 0.075 eV/cell. Similar results
were obtained for the carbon vacancy, ensuring a good con-
vergence for the BZ sampling with two k points. We also
check the convergence of the DZ basis set against an ex-
tended basis containing single-polarized functions, namely,
DZP. A comparison between DZ and DZP band-structure cal-
culations shows a small decrease in the band gap, of about
0.06 eV, maintaining essentially the same characteristics,
whereas variations in the equilibrium geometry are negli-
gible. To ensure minimal interaction between tube images
within the supercell approach, we consider a vacuum region
of about 9 A. The positions of all atoms in the defective
nanotubes were relaxed using the conjugated gradient algo-
rithm until the force components become smaller than
0.05 eV/A. The equilibrium geometry of a vacancy is found
by considering preestablished initial geometries and compar-
ing their energies after relaxation.

The formation energies of the antisite (Xy, the atom X at
the Y atom site) and vacancies (Vy, the absence of the X
atom) are determined according to the equations

Eform[XY]=EI[NT+XY]_Et[NT] - Myt My, (1)
and
Eform[VX] = EI[NT"' VX] - Et[NT] + wy, (2)

where Ej,.,, and E, are the formation and total energies of the
defective systems. E[NT] is the total energy of the pristine
nanotube. u are the chemical potentials of the atomic spe-
cies. In this work, the chemical potential (ug, e and uy) are
calculated as the total energy per atom of the bulk phase of
boron (a-B) and graphite, as well as the N, molecule. Fol-
lowing previous calculations,”>"?% we consider the variation
of chemical potentials as constrained by the thermodynamic
equilibrium condition

MN + UB = UBN> (3)

where ugy is the chemical potential for a BN pair in hex-
agonal boron nitride (A-BN). Upper limits for ug and uy are
the energy per atom of @-B and the N, molecule, respec-
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FIG. 1. (Color online) Equilibrium geometry of the (4,0) BC,N
nanotube in the three most stable structures. (a) Type 1, (b) type II,
and (c) type IIL

tively. Assuming that up (uy) takes its upper limit in Eq. (3)
results in a B-rich (N-rich) condition for the defect formation
energies, as calculated in Egs. (1) and (2). Considering these
extreme conditions, we can simulate the most favorable en-
vironment where vacancies and antisites could be formed.

III. RESULTS AND DISCUSSION
A. Pristine nanotubes

Figure 1 shows the equilibrium geometries of three stable
zigzag nanotubes obtained from the BC,N hexagonal sheet.
Our calculation shows that the cohesive energy per BC,N
unit of the type-II nanotube is 1 eV lower in energy than
those of types I and III, whereas types I and III have similar
cohesive energies. This result is in close agreement with pre-
vious theoretical calculations, showing the same trend.!> In
BN nanotubes, calculations have suggested that zigzag and
armchair tubes with similar radii have similar energies.?’-?8
However, experiments have reported a preference for zigzag
tubes against armchair ones.?’> We find that type-II BC,N
nanotubes with similar diameters do not show a significant
energy preference between the zigzag and the armchair struc-
ture. For instance, the zigzag (5,0) nanotube of 8.10 A in
diameter has a cohesive energy of 7.03 eV/atom, whereas the
armchair (3,3) nanotube of 8.34 A in diameter has a cohesive
energy of 7.04 eV/atom. The small energy difference be-
tween both tubes can be related to their similar curvatures.
On the other hand, the cohesive energy of the BC,N sheet is
calculated to be of 7.14 eV, indicating that for nanotube of
about 8 A in diameter, the strain energy can be estimated in
0.1 eV. The stability of BC,N nanotubes can be estimated by
calculating their heat of formation, according to the equation

AH;=E[BC,N] - upgn — 2 - (4)

Our results show that both the zigzag (4,0) and the armchair
(3,3) nanotubes are metastable structures against the forma-
tion of h-BN and graphite with heats of formation of 1.85
and 1.55 eV, respectively.

Figure 2 shows the calculated band structure of perfect
zigzag and armchair nanotubes. The zigzag (4,0) has a direct
band gap of 0.92 eV at the I' point, whereas the armchair
(3,3) has direct band gap of 1.14 eV at a point about 0.6'X.
In both nanotubes, the charge density of the valence-band
maximum (VBM) is mainly localized at the C atoms, which
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FIG. 2. Electronic band structures of type-II BC,N nanotubes.
(a) The armchair (3,3) nanotube. (b) The zigzag (4,0) nanotube.

have B and two C atoms as nearest neighbors (labeled as CI),
whereas the charge density of the conduction-band minimum
(CBM) is mainly localized at the C atoms, which have N and
two C atoms as nearest neighbors (labeled as CII). The above
results are in good agreement with previous ab initio
calculations.?03!

B. Antisite defects

Antisites are probably the most common defects in ter-
nary compound nanotubes, owing that they form far from the
thermodynamic equilibrium. We study the energetic and
electronic properties of the eight possible antisites in BC,N
nanotubes: boron in carbon sites (B¢ and Bcyy), nitrogen in
carbon sites (N¢; and N¢y), carbon in boron and nitrogen
sites (Cy and Cy), boron in a nitrogen site (By), and nitrogen
in a boron site (Ny). Our results for the formation energies of
these antisites under both B-rich and N-rich growth condi-
tions are summarized in Table I. Among all the antisites un-
der study, B¢ and N present the lower formation energies in

TABLE 1. Formation energies for antisite defects in zigzag (4,0)
and armchair (3,3) BC,N nanotubes calculated under boron rich
(B-rich) and nitrogen rich (N-rich) growth conditions.

Eform (CV)
(4.0) (3.3)
Antisite B rich N rich B rich N rich
B 1.10 4.33 1.28 4.51
Bcn -0.23 3.00 -0.31 2.92
N¢y 2.73 -0.50 3.06 -0.17
Nen 4.24 1.01 4.46 1.23
Cp 2.95 -0.28 3.24 0.01
Cn -0.07 3.16 -0.08 3.14
By 1.52 7.99 2.12 8.58
Ng 7.81 1.35 7.97 1.50
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FIG. 3. Electronic band structures for the most stable antisites in
the (3,3) armchair BC,N nanotube. The continuous and dotted lines
indicate majority and minority spin bands, respectively.

both nanotubes, particularly Bey (B rich) and Ngp (N rich)
which exhibit negative values, showing higher stability than
the pristine nanotubes. The lower formation energy observed
for B¢y and Ny in both nanotubes can be associated with the
formation of new B-N bonds, whereas for B¢y and Ny an-
tisites, which have higher formation energies, new B-B and
N-N bonds are created. The negative formation energies for
the Bopp and Ny also indicate that additional stable phases
for the BC,N nanotubes can occur, as recently suggested by
ab initio calculations.>*3

Figures 3 and 4 show the electronic band structures of six
lower-energy antisites in BCN nanotubes. The energetically
favorable antisites in (3,3) and (4,0) tubes (Bgy and Ny,
respectively) give rise to energy levels close to the band-gap
edges, suggesting shallowlike defects with acceptor and do-
nor characters, respectively. We note that the dispersion ob-
served in these levels along I'X is due to the high concentra-
tion of defects in the nanotubes. The highest-occupied level
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TABLE II. Formation energies for vacancies defects in zigzag
(4,0) and armchair (3,3) BC,N nanotubes.

—
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FIG. 4. Electronic band structures for the most stable antisites in
the (4,0) zigzag BC,N nanotube.

for B¢y in the (3,3) tube (top of the valence band) shows a
dispersion of about 0.1 €V. Whereas for N¢; in the (4,0) tube
(bottom of the conduction band), the dispersion is found to
be about 0.5 eV. In nanotubes with more dilute defect con-
centration, the dispersions should decrease giving flat defect
states. To check this, we calculate Ny in the (4,0) tube dou-
bling the supercell size along the tube axis, i.e., considering
a concentration of about 0.03 defects/A. Our results show
that the dispersion of the highest-occupied level decreases up
to 0.1 eV.

We note that antisites By and Cy, and N and Cyg in
both armchair and zigzag tubes show the same electronic
properties, characterizing acceptor and donor defects, respec-
tively, whereas other antisites give rise to defect levels
deeper inside the band gap. According to our results, the
appearance of shallowlike levels would depend on two con-
ditions: (i) the difference in valence between the guest defect
and the host site might be one, and (ii) one of the three bonds
of an antisite might be C-C or B-N. The latter would be also
a requirement to the most stable antisites.

Eform (CV)
(4,0) (3.3)
Vacancy B rich N rich B rich N rich
Var 4.25 4.25 4.48 4.48
Ven 5.19 5.19 4.95 4.95
Vg 6.32 3.09 6.37 3.14
Vn 2.75 5.98 3.70 6.93

Our results for the band structures of By and Ny antisites
in both nanotubes show dispersionless deep levels in the
band gap, indicating highly localized defect states. These an-
tisites do not change the semiconducting character of the
nanotubes, similarly to B¢y in the (4,0) nanotube (see Fig. 4).
This different electronic behavior can be understood by the
formation of B-B and N-N bonds between the antisite and
their nearest neighbors, similar to those found in BN layer
structures. In fact, theoretical results of antisites in BN
nanotubes®»?® show that By (Ng) have higher formation en-
ergies, rising deep levels in the band gap, whereas charge
density associated with these levels is mainly localized at
B-B (N-N) bonds, similar to those we have found in BC,N
nanotubes. It is interesting to note that relative deep levels
are also found for B¢y and Ny antisites in both nanotubes
where B-B and N-N bonds are also formed, suggesting a
trend for the deep-level appearance.

The possibility to create acceptor and donor levels in-
duced by the antisites Cy and Cy in type-II (2,2) BC,N
nanotubes have already been investigated by Miyamoto et
al.' using the tight-binding approach. The main electronic
properties they report indicate an acceptorlike level (located
0.03 eV above the VBM) and a donorlike level (located
0.03 eV below the CBM) for Cy and Cy, respectively, show-
ing that the C atom behaves as a shallow impurities at N and
B sites in BC,N nanotubes. Our calculations for the same
antisites in the (3,3) tube agree qualitatively well with the
above results, showing defect-induced levels close to the
band edges. However, we find that Cy (Cp) is 0.23 eV
(0.18 eV) higher in formation energy than B¢y (N¢) under
B-rich (N-rich) conditions. Therefore, our results suggest
that the B¢y and N would be energetically more favorable
than Cy and Cg, showing similar acceptor and donor prop-
erties, respectively.

C. Vacancy defects

Vacancies in nanotubes are another defects which can be
formed during synthesis processes or can be artificially in-
duced by irradiation. Recently, the structural and electronic
properties of vacancies in CNTs (Refs. 33-35) and in BNNTs
(Refs. 25 and 26) have been investigated by ab initio calcu-
lations. When an atom is removed from those nanotubes, the
neighboring atoms partially reconstruct around the defect,
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FIG. 5. (Color online) Equilibrium geometries for the most
stable vacancies in BC,N nanotubes. (a) Vy in the (4,0) tube, (b) Vg
in the (3,3) tube, (c) Vcy in the (4,0) tube, and (d) V¢y in the (3,3)
tube.

forming new five- and nine-membered rings. This results in
an undercoordinated atom which moves slightly off the
nanotube surface. The occupation of the dangling bond at the
twofold-coordinated atom governs the electronic properties
of the defective tube, which typically gives rise to deep lev-
els in the nanotube band gap, altering their electronic prop-
erties.

We study the four possible vacancies in BC,N nanotubes,
namely, boron vacancy (Vg), nitrogen vacancy (Vy), and the
vacancies of two nonequivalent carbon atoms (Vy and Vyy).
Table II shows our results for their formation energies. We
find that V) in the (4,0) tube and Vj in the (3,3) tube are the
most stable ones under B-rich and N-rich conditions, with
formation energies of 2.75 and 3.14 eV, respectively,
whereas Vi in the (4,0) tube and Vi in the (3,3) tube have
formation energies of 4.25 and 4.95 eV, respectively. The
equilibrium geometries of the above vacancies are shown in
Fig. 5. For Vy in the (4,0) tube, the twofold-coordinated
atom is boron, which bind with a N and a C atom (hereafter
the bonding structure N-B-C), whereas the new bond form-
ing the pentagonal ring is B-C with a bond length of 1.65 A
[Fig. 5(a)]. For Vg in the (3,3) tube, the undercoordinated
atom is nitrogen (B-N-C) and the bond that completes the
pentagonal ring is N-C with a bond length of 1.52 A [Fig.
5(b)]. We obtained the spin magnetic moment for the defec-
tive nanotubes, defined as m,=2Sug, where S is the total spin
of the system and up is the Bohr magneton. We find that Vy
has a magnetic moment of 0.95up, indicating that one elec-
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FIG. 6. Electronic band structures for vacancies in the (3,3)
armchair BC,N nanotube.

tron occupies the dangling bond at the undercoordinated
atom. Similar result is obtained for Vy, which shows a mag-
netic moment of 0.98up. Strictly speaking, m,=1up implies
in an unpaired electron; however, spin polarization effects in

E-E,(eV)

r

FIG. 7. Electronic band structures for vacancies in the (4,0)
BC,N nanotube.
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the neighborhood of the dangling bond reduce the total mag-
netic moment.>*

A different situation occurs for V¢ in both (3,3) and (4,0)
tubes which show zero magnetic moments. Here, the under-
coordinated atoms are nitrogen (B-N-C) and carbon (C-C-N)
[Fig. 5(c)], respectively. In this case, no unpaired electron is
found probably due to the formation of N-C double bonds.
However, for V¢ in (3,3) and (4,0) tubes, the undercoordi-
nated atoms are nitrogen (B-N-B) and carbon (B-C-C), and
the magnetic moments are zero and 2up, respectively. There-
fore, for V¢ in the (4,0) tube, we find a high-spin configu-
ration (S=1), originating in the two electrons that occupy the
dangling bond, whereas for V; in the (3,3) tube, a low-spin
configuration (S=0) for the unpaired electrons is observed.

Figures 6 and 7 show the band structure of the vacancies
in the (3,3) and (4,0) tubes, respectively. We find that Vy; and
Vg in both tubes give rise to deep levels in the band gap,
showing similar electronic characteristic. As these vacancies
exhibit an unpaired electron in the dangling bond, the
highest-occupied (spin up) and the lowest-empty (spin down)
states correspond to the defect level after a spin-band split-
ting of about 0.3 eV. For the V(y in the (4.0) tube (Fig. 7), no
defect level in the band gap or spin-band splitting are ob-
served. The above is consistent with the absence of electrons
in the dangling bond at the undercoordinated atom. Com-
pared with the band structure of the pristine tube [Fig. 2(b)],
we can conclude that the major effect of V; in the (4.0) tube
is a symmetry breaking. Similarly, the band structure of V;
in the (3.3) tube (Fig. 6) does not show spin-band splitting.
However, the difference in energy between the highest-
occupied and lowest-empty subbands is about 0.4 eV lower
in energy than that of the pristine tube [Fig. 2(a)]. This effect
can also be associated with the symmetry breaking induced
by the vacancy.

The band structure of V¢ in the (4,0) tube shows a semi-
metallic character, which could explain the high-spin con-
figuration (S=1) for the two electrons occupying the dan-
gling bond. However, for V¢ in the (3,3) tube, which also
has two electrons at the dangling bond, a spin-band splitting
is observed, which we believe is consistent with its semicon-
ducting character and low-spin configuration (§=0).

IV. SUMMARY

In summary, we have studied the equilibrium geometry,
energetic, and electronic properties of vacancies and antisites
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in the armchair (3,3) and the zigzag (4,0) BC,N nanotubes,
using spin-polarized density-functional calculations. We find
that the most stable antisites B¢y and N have negative for-
mation energies under extreme B-rich and N-rich conditions,
suggesting higher stabilities than pristine nanotubes. They
also exhibit acceptor and donor properties, showing that
p-type and n-type semiconductor BC,N nanotubes would be
favorable to form under these conditions. Similar character-
istics show the carbon antisites Cy and Cg, which also have
negative or close to zero formation energies under favorable
conditions. On the other hand, antisites that form B-B bonds
(Bcr and By) and N-N bonds (Ngp and Ng) have higher
formation energies, giving rise to deeper levels in the nano-
tube band gap.

Concerning vacancies, we find that Vy in the (4,0) tube
and Vy in the (3,3) tube are the most stable ones under B-rich
and N-rich conditions, respectively. These vacancies show an
unpaired electron in the dangling bond at the undercoordi-
nated atom, giving rise to a single-occupied deep level in the
band gap, which exhibits a spin-band splitting of about
0.3 eV. On the other hand, V¢ in both tubes do not show
unpaired electrons at the undercoordinated atom due to the
formation of double bonds, exhibiting electronic characteris-
tic similar to the corresponding pristine nanotubes. However,
a different situation occurs for Vi where two electrons oc-
cupy the dangling bond in both tubes. In the (3,3) tube, the
equilibrium structure shows m =0 and a semiconducting
character, implying in a S=0 spin configuration, whereas in
the (4,0) tube, it shows m,=2up and a semimetallic charac-
ter, implying a S=1 spin configuration.

Finally, our results suggest that with suitable growth con-
ditions, it would be possible to synthesize BC,N nanotubes
with intrinsic donor and acceptor character by inducing spe-
cific antisite defects. In addition, we find that the electronic
properties of the nanotubes can change drastically by the
presence of vacancies.
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