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Boron-nitride nanocones with 60°, 120°, and 240° disclination under the influence of parallel and perpen-
dicular external electric fields are studied through first-principles calculations based on the density-functional
theory. It is shown that the application of the external electric field ranging from 0 to 0.5 V /Å−1, either parallel
or perpendicular to the cones’ axis, does not change significantly the formation energy of those systems.
Changes at the densities of states according to the direction of the applied electric field are also analyzed
showing that, except for the 240° cone, the perpendicular field is more effective for gap reduction of those
structures. A second-order Stark effect, more pronounced for the perpendicular direction, is observed when the
energy shift is analyzed for the cones under the influence of the electric fields.
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I. INTRODUCTION

Curved nanostructures, carbon fullerenes and nanotubes
being the most known examples, have been the focus of
increasing scientific and technological interest due to their
unique electronic and mechanical properties.1–3 Carbon
nanocones were observed for the first time in 1992 as caps at
the ends of nanotubes,4 and as free-standing structures two
years later.5,6 Nanocones are interesting materials for techno-
logical application since they present a particular structure
with a sharp tip which leads to specific electronic and me-
chanical properties. Several ideas for using those structures
as electronic devices have emerged, in fact carbon nanocones
have been studied as cold field-emission electron sources
recently.7,8 Boron-nitride �BN� nanostructures are, however,
more appealing than their carbon counterparts since they are
known to present chemical oxidation inertness and mechani-
cal toughness.9,10 As a novel form of BN nanostructures, BN
nanocones are promising cold electron sources in field-
emission devices and their possible application will depend
on the particular structure of their tips and on their behavior
under electric fields.

Cones are characterized according to their disclination
angle D� that is defined as the angle of the sector removed
from a flat sheet to form a cone. For carbon nanocones we
have only five disclination angles which satisfy the continu-
ity condition at the junction of the flat graphene sheet �D�

=60°,120°,180°,240°, and 300°� and only C–C bonds, while
for the BN ones we can observe three types of covalent
bonds, that are B–N, B–B, and N–N, which lead to differ-
ences in physical, chemical, and electronic properties be-
tween carbon and boron-nitride nanostructures.11–14 BN
nanostructures such as nanocages, nanohorns, nanorods,
single-walled and multiwalled nanotubes, and nanocones
with disclination angles of 120°, 240°, and 300° have been
synthesized in laboratories13–17 and the field-emission current
from those systems has been experimentally observed at low
voltage.18 Also it was shown that a perpendicular electric
field applied to BN nanotubes can tune the electric properties
of those tubes.19 Several studies for external electric fields
applied alongside cones’ axis of BN nanocones have been

done already,20–23 however, there is no report of any results
for a field perpendicularly applied to those structures so far.
In this sense we have made a complete study for three BN
nanocone structures, namely, 60°, 120°, and 240°, under the
influence of parallel and perpendicular external electric fields
with varying magnitudes, with the analysis of the formation
energy, densities of states, energy shift, and electronic den-
sity of these structures.

II. METHODOLOGY

The studied cones with 60°, 120°, and 240° disclination
are shown in Fig. 1. The cone with 60° is characterized for
having a pentagonal ring at its apex and for presenting a line
of defects at its wall that can be formed either by B–B �Fig.
1�a�� or N–N �Fig. 1�b�� homonuclear bonds, with 59 boron
�B� and 56 nitrogen �N� atoms for the first case and 56 B and
59 N atoms for the second one. The cone with 120° discli-
nation presents a square ring at its apex, B–N bonds only
�Fig. 1�c�� and is composed by 46 B and 46 N atoms. Finally,
the nanocone with 240° disclination, formed by 62 B and 62
N atoms, is characterized for having an apex composed by
two atoms �one B and one N� at the top of one unusual
hexagonal ring that is bifurcated at its bottom part and is
located at the tip of the cone �Fig. 1�d��. All the cones are
saturated with hydrogen �H� atoms at their open edges. The
external electric field is applied in two different directions,
parallel and perpendicular to cones’ axis with magnitudes
ranging from 0 to 0.5 V /Å.

All the calculations were done through the density-
functional theory24 with the treatment of exchange and cor-
relation functional by the generalized gradient approximation
parametrized by Perdew et al.,25 as implemented in SIESTA

code.26 A linear combination of pseudoatomic27,28 double
zeta quality basis set, with polarization functions, is used.
The interaction between the ionic cores and the valence elec-
trons is represented by norm-conserving Troullier-Martins
pseudopotentials29 in the Kleinman-Bylander factorized
form.30 Self-consistent field calculations were done with a
convergence criterion of 10−4 eV on the total energy and
electron density. The employed supercell is a box with di-
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mensions equal to 35�35�20 Å3, for the cones with 60°
and 120° disclination, and 35�35�40 Å3 , for the 240°
one, which is large enough to exclude interactions between
cones in adjacent cells and to avoid the presence of electric
charges near the cell boundaries. The largest cone dimension
along the cone axis is around 14 Å, while the largest diam-
eter is 17 Å approximately. A fully optimization of all
atomic positions was realized until atomic forces were less
than 0.1 eV /Å.

III. RESULTS AND DISCUSSION

Through the analysis of the formation energy of the
cones, 120° and 240° is possible to compare the stability of
those systems which are interesting since they do not present
homonuclear bonds like the one with 60° disclination. Be-
sides, the number of B and N atoms and the number of B–H
and N–H bonds is the same for each nanocone �46 B and 46
N for the 120° and 62 B and 62 N for the 240° one�. The
formation energy is given by:

Ef = ET − nB�B − nN�N − nBH�BH − nNH�NH, �1�

where ET is the total energy, nB is the number of B atoms, nN
is the number of N atoms, nBH is the number of B–H bonds,
nNH is the number of N–H bonds, and the chemical potentials
are �B, �N, �BH, and �NH, respectively. Since nB=nN, nBH

=nNH, �B+�N=�BN, and �H= 1
2 ��NH+�BH�, for each sys-

tem, Eq. �1� can be written as

Ef = ET − nBN�BN − nH�H, �2�

where nH is the number of H atoms, nBN is the number of BN
pairs, and prior determination of the chemical potentials.12

As can be seen in Table I, the external electric field has little
influence at the stability of analyzed structures. We can also
see that the 240° disclination cone presents a higher value for
the formation energy, even without the presence of the exter-
nal electric field. This can be associated with the higher cur-
vature and consequently the higher energy strain associated
with the 240° cone when compared to the others.

For the densities of states we have made a comparison of
the external electric field influence, parallel and perpendicu-
lar to the cones’ axis, with magnitudes equal to 0, 0.3, and
0.5 V /Å, respectively. At Fig. 2 we have the densities of
states for the cones with �a� 60° B–B, �b� 60° N–N, �c� 120°,
and �d� 240° disclination. The left column �a1, b1, c1, and d1�
is composed by the cones under the influence of the parallel

electric field while the right column �a2, b2, c2, and d2�
shows the cones under the influence of the perpendicular
field. The solid lines represent the situation where there is no
external electric field, the dashed ones refer to the 0.30 V /Å
situation, and finally, the pointed lines show the densities of
states when the cones are submitted to electric fields equal to
0.50 V /Å. One can observe the great difference between the
parallel and perpendicular situation for the cones with 60°
�both B–B and N–N� and 120° disclination �a1 and a2, b1 and
b2, and c1 and c2�. For the first case �a1, b1, and c1� we have
little influence of the field at the states around Fermi Energy
�EF�, however, when the direction of the field is changed,
becoming perpendicular �a2, b2, and c2�, there is a gap re-
duction of about 1.16 eV �1.3 eV� when the field is equal to
0.30 V /Å and to 2.9 eV �2.6 eV� when it is equal to
0.50 V /Å for the 60° B–B �N–N� cone. For the 120° there is
a gap reduction of about 1.5 eV when the field is equal to
0.30 V /Å and to 2.7 eV when it is equal to 0.50 V /Å. The
240° cone, however, presents a unique behavior where both
directions of the electric field generate a gap closure that is
0.27 eV �1.7 eV� for the parallel case, 0.65 eV �1.15 eV� for
the perpendicular case with 0.30 V /Å �0.50 V /Å�, respec-
tively. Figure 3�c� illustrates this behavior where we have a
crossing point showing that for electric-field magnitudes
higher than �0.38 V /Å, the parallel direction closes the en-
ergy gap in a more effective way for this disclination angle.
This gap reduction �observed for a2, b2, c2, d1, and d2� would
lead to a reduction of the work function of the BN nanocones
that, by its turn, increases the field-emission properties of
these systems.

TABLE I. Formation energies for the cones with 120° and 240°
disclination under the influence of different magnitudes of the ex-
ternal electric field �from 0.0 to 0.50 V /Å� applied in a direction
perpendicular and parallel to the cones’ axis.

120° 240°

Perpendicular parallel Perpendicular parallel

��V /Å� Ef�eV� /nBN Ef�eV� /nBN Ef�eV� /nBN Ef�eV� /nBN

0.00 0.14 0.14 0.32 0.32

0.05 0.14 0.14 0.31 0.32

0.10 0.14 0.14 0.31 0.31

0.20 0.31

0.30 0.13 0.14 0.30 0.31

0.50 0.11 0.13 0.28 0.26

FIG. 1. Top and lateral pictorial schemes of
studied cones with �a� 60° B–B, �b� 60° N–N, �c�
120°, and �d� 240° disclination.
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The behavior of the densities of states of the cones can be
better understood when we compare our results with the ones
obtained for BN nanotubes under the influence of perpen-
dicular electric fields.19 It was observed that a Stark effect
takes part at the gap closure by mixing the nearby subband
states separately in both valence and conduction bands for
small values of applied electric fields. According to that
work we could expect to see the reduction of the gap for the
60° and 120° cones for higher values of the parallel electric
field �situation a1, b1, and c1�. It was also shown that the
charge-density corresponding to the bottom of the conduc-
tion band is highly localized at one side of the tube while the
top of the valence band is localized at the other. The same

occurs for our cones when they are under the influence of the
perpendicular electric field �see Fig. 5�. Finally, it was ob-
served that the larger the diameter of the nanotube the larger
would be the gap reduction for a given magnitude of the
applied electric field. This is also true for our cones when we
make a comparison between the homonuclear-defect-free
cones �120° and 240°� where we can see a higher gap reduc-
tion for the first one which presents a larger “open edge
diameter” �smaller disclination angle� when compared with
the second one. In fact, if we take a closer look at Figs. 3�a�
and 3�b� we can see a quadratic behavior for both the 60°
and 120° disclination cones, that is again associated with the
Stark effect observed previously for BN nanotubes. In that

FIG. 2. Densities of states for
the cones with �a� 60° B–B, �b�
60° N–N, �c� 120°, and �d� 240°
disclination under the influence of
parallel �left column, index 1� and
perpendicular �right column, in-
dex 2� external electric fields. The
solid, dashed, and pointed lines
correspond to the 0.00, 0.30, and
0.50 V /Å, respectively.
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way we can say that there is rule for tuning the gap of boron-
nitride nanocones through the application of an external elec-
tric field: for smaller disclination angles one would be more
efficient by applying a perpendicular electric field, while for
larger ones a parallel electric field is better. Indeed we ex-
trapolate this rule as trying to foresee the magnitude of the
external electric field, either parallel or perpendicular, needed
to completely close the energy gap that are �i� for the 60°
B–B �N–N� cone: 1.51 �1.76� and 0.54 �0.57� V /Å for the
parallel and perpendicular fields, respectively �the N–N one
having a very similar behavior�, and �ii� for the 120° cone:
1.44 and 0.74 V /Å for the parallel and perpendicular fields,
respectively. Furthermore, the magnitude of the electric field
applied perpendicularly to the 240° cone that is strong
enough to completely close the energy gap is �1.09 V /Å
while the calculated value for doing this closure, when the
field is parallel, is �0.8 V /Å.

The next discussion is about the energy shift, as function
of the external electric field as showed in Fig. 4. The calcu-
lations are done according to the equation:

�E = E − E0, �3�

where E �E0� is the total energy with �without� the presence
of the external electric field. The energy shift, that is a per-
turbation caused by the external electric field, which, by its

turn causes the splitting of energy levels, can be well fitted
by a quadratic function of the applied field ��� being �E
=−8.13�2−0.34�−0.02 for the 60° B–B disclination cone,
�E=−9.18�2+0.18� for the 60° N–N disclination cone,
�E=−6.97�2−0.49�−0.02 for the 120° one and �E
=−5.74�2−1.77� for the 240° cone when the field is perpen-
dicularly applied and �E=−3.70�2−0.65� for the 60° B–B
disclination cone, �E=−4.16�2+1.29�+0.02 for the 60°
N–N disclination cone �E=−3.77�2−1.03� for the 120° one,
and �E=−8.54�2+1.52�−0.02 for the 240° cone when the
field is parallel to the cones’ axis. This quadratic function
demonstrates the occurrence of second-order Stark effect as
predicted by An et al.31 It can be easily seen, from both the
results shown above and in Fig. 4, the more pronounced
quadratic character for the situation where the field is per-
pendicularly applied �except for the 240° case�. This effect
emphasizes the results obtained for the densities of states
�see Fig. 3� that already showed the influence of perpendicu-
lar electric fields at cones with disclination angles smaller
than 240°, i.e., with larger open edge diameters.

In Fig. 5 we can see the electronic densities at the top of
the valence and bottom of conduction band for the cones
120° �left� and 240° �right�. At first we can observe the great
difference for the parallel �top, �a1� and �a2��� and perpen-
dicular �bottom, �a3� and �a4�� field situation, with magni-
tude equal to 0.5 V /Å, for the 120° cone. While for the first

FIG. 3. Variation of the gap associated with the magnitude of the external electric field, applied parallelly �circle� and perpendicularly
�square�, for the systems �a� 60° B–B and N–N �represented here by triangles�, �b� 120°, and �c� 240°.

FIG. 4. Energy shift for the cones �a� 60° B–B and N–N �represented by triangles�, �b� 120° and �c� 240° under the influence of external
electric fields either parallel �circle� or perpendicular �square� to the cones’ axis.
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case ��a1� and �a2�� we see a regular distribution of the elec-
tronic density either at valence or conduction band, for the
second one ��a3� and �a4�� we have a polarization of those
bands with the electronic density at the top of the valence
band moved toward the electric-field direction and the elec-
tronic density corresponding to the bottom of conduction
band moved in the direction opposite to the electric field. We
can also observe from the figure that the charge tends to
accumulate at the N atoms �represented by white dots in Fig.
5� with the application of the field, which is related with
nitrogen atoms’ larger electronegativity. Similar results were
obtained for perpendicular electric field applied to BN nano-
tubes by Khoo et al.19 The results for the 60° disclination
cone are very similar to the ones for the 120° one, the main
difference being the presence of the line of homonuclear
B–B and N–N bonds for the 60° ones. These lines of homo-
nuclear bonds tend to concentrate charge. Finally, for the
240° disclination cone we have the situation shown in the
figure ��b1�, �b2�, �b3�, and �b4��. When the field is applied
parallelly to the cone axis we have a electronic density con-
centration, for the top of the valence band, at the tip of the
cone �b1� together with the localization of the bottom of the
conduction band at the base of the cone �b2�, and not the
homogeneous distribution that we see for the 120° cone. This
behavior can be strictly related to the higher curvature of the
240° disclination cone when compared to the other cones.
Indeed, even when the electric field is applied perpendicu-
larly and the polarization as seen for the 120° cone arises, we
can still see the density concentration, for the bottom of the

conduction band, at the tip of the 240° disclination cone.
In summary, we have done first-principles calculations on

BN nanocones under the influence of external electric fields
either parallel or perpendicular to the cones’ axis with mag-
nitudes ranging from 0 to 0.5 V /Å. The results showed that
there is little field influence at the formation energy of the
cones that reinforces the idea of those structures having good
geometrical stability. For the densities of states we have seen
that there is a relationship between the cones disclination
angle with their response to the direction of the applied field:
for smaller disclination angles one would be more efficient
by applying a perpendicular electric field, while for larger
ones a parallel electric field is better when tuning the gap of
those structures. A second-order Stark effect is observed
when we analyze the energy shift for the cones under the
influence of electric fields. The last results can be related to
previous ones for BN nanotubes where it was observed that a
Stark effect takes part at the gap closure of those structures.19

Our results show that different electronic properties are re-
lated with different disclination angles of the cones and pro-
vide a path to be followed by experimentalists when trying to
tune the gap of BN nanocones through the application of
electric fields.
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