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Triangle defect states of hexagonal boron nitride atomic layer:
Density functional theory calculations
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Triangle defect states of hexagonal boron nitride (2-BN) atomic layer were studied by a density functional
theory calculation. N(B) triangle defect states of 2-BN atomic layer with N(B) edge atoms have acceptor
(donor) levels. A cohesive energy calculation indicates that the 4-BN atomic layer with N triangle defects is
more or less stable, respectively, than that with B triangle defects when it is negatively or positively charged,
which is consistent with the recent experimental observation of N triangle defects in #-BN atomic layer. Charge
population analysis shows that the edge N(B) atoms surrounding the N(B) triangle defect are negatively
(positively) charged. Such a charged triangle defects in 4-BN may serve as a potential nanolens for electron-

beam focusing.
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A single carbon atomic layer structure named graphene
which exhibits unique properties, such as high carrier mobil-
ity, ambipolar effect, the Klein tunneling, quantum hall ef-
fect, etc., has been expected to offer novel applications in
various fields.! As a result, other two-dimensional (2D)
atomic layers are also attracting significant interest owing to
their exceptional properties.> Among them, a hexagonal bo-
ron nitride (h-BN) sheet which is the group III-V isoelec-
tronic analog of graphene has also been synthesized.’> A
single atomic layer of h-BN is a wide-gap semiconductor
like three-dimensional (3D) h-BN (Refs. 6 and 7) and is a
promising material in optoelectronics.® Moreover, one-
dimensional #-BN nanoribbons with zigzag edges are pre-
dicted to show metallic, semiconducting, and half-metallic
transitions by applying an external electric field.® Recently,
Jin et al.'® have successfully fabricated a free-standing single
layer of h-BN and observed atomic defects with triangle
shape in the #-BN. The dominating zigzag-type edge atoms
along the triangle defects are proved to be nitrogen atoms.
They suggested that boron vacancies are more energetically
stable. However, previous theoretical and experimental!!~!4
studies indicate that the formation energy of a boron mono-
vacancy is larger than that of a nitrogen monovacancy, thus
the formation of nitrogen monovacancy is preferable, which
is opposite to the experimental results of Jin et al.'® Usually,
the kinetic energy of the electrons in the transmission elec-
tron microscopy (TEM) system quickly decays (in 10-100
fs) in solid by electron-electron interaction, which is much
faster than the structural change (at least more than 1 ps). In
fact, the energy (120 keV) of the electron beam employed in
the experiment of the TEM measurements'” is much larger
than the threshold beam energies for knock on of both B (74
keV) and N (84 keV) (Ref. 15) atoms. However, as discussed
in Ref. 10, if the knock-on effect is important, the selective
formation of the boron vacancies would not occur but both
nitrogen and boron vacancies should appear at the same
time. Considering the electron-rich environment in the TEM,
the effect of charge (not kinetic energy) should be important
to explain the selective formation of boron vacancies,©
which is the motivation of the present work.
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In #-BN atomic layer, N(B) atoms are negatively (posi-
tively) charged because of ionic character of the crystal and
the formation energy of N(B) edge atoms should depend on
the ionicity. It is the reason why B atoms are preferentially
removed by electron irradiation and form N-edged triangle
defects.'” A 3D h-BN crystal is a wide-gap semiconductor
with an energy gap of 4.02+£0.01 eV (Ref. 16) in which the
valence (conduction) energy band consists of mainly N(B)
atoms. If we naively consider that B wave function in the
conduction band does not contribute much to the B-N cova-
lent bond compared with N wave function in the valence
band, B atom might have a smaller dissociation energy than
N atom. However, as was shown in the previous calculation
for a point defect," the situation is opposite to this consid-
eration, which means that N atoms can be more easily dis-
sociated.

An important fact to consider is that the B(N) edge
states!” appear around B(N) zigzag edges of a B(N) triangle
defect. Hereafter, the triangle defects with B(N) zigzag
edges, which are formed by removing more N(B) atoms than
B(N) atoms from /-BN, are called B(N) triangle defects. The
B(N) edge states form donor (acceptor) states near conduc-
tion (valence) energy bands, which show opposite behavior
for B(N) atoms in Si. Another critical issue is that how many
electrons can donate (accept) from the B(N) edge states,
which should be sensitive to the dissociation energy.

In this Brief Report, we present a detailed, density func-
tional theory (DFT) calculation of atomic and electronic
structures of #-BN atomic layer with different sizes of N and
B triangle defects. Negatively charged N triangle defects
well reproduce the experimental condition of Jin et al.,
which is an electron enriched environment induced by elec-
tron irradiation. The stability of neutral or charged N(B) tri-
angle defects is investigated by cohesive energy calculation.
We found that N(B) triangle defects prefer to be negatively
(positively) charged. Such an oppositely charged tendency
for N and B triangle defects is well explained by density-of-
states (DOS) calculation. Further, we found that N(B) tri-
angle defect shows a negatively (positively) charged triangle,
whose charge can be modified by changing the Fermi energy.
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FIG. 1. (Color online) Schematic representation of full relaxed
Bn and Nn triangle defects (n=1,...,4) with n B (blue) and n N
(red) edge atoms for each edge of the triangle. A N-N bond and a
pentagon ring form at each vertex of N triangle defects for N2, N3,
and N4 defects. The dashed rectangles for B4 and N4 are supercells
that are used in the present calculations for all triangle defects.

Using the nanosized potential, we propose a possible appli-
cation for nanolens for electron-beam focusing.

The DFT calculations were performed by using the
projector-augmented wave method'® and the Perdew-
Burke-Ernzerhof!® functional as implemented in VASP
code.”’ We use a single k point (I" point) and plane waves
with energies up to 440 eV, which ensures the convergence
precision of total energy within 1 meV per atom. The geom-
etry structure was fully optimized by minimizing the
Hellmann-Feynman force smaller than 0.03 eV/A without
any symmetric constraint. A large 2D periodic supercell with
a large vacuum space (15 A) in z direction including 240
atoms (120 B and 120 N atoms) is constructed to represent
the 2D A-BN atomic layer as shown in Fig. 1. For 2D A-BN
atomic layer without a defect, the optimized B-N bond
length is 1.444 A, which is consistent with the experimental
value (1.44%0.1 A).1° The equilibrium cohesive energy is
calculated to be 7.072 eV per atom, which is consistent with
other DFT results of 3D h-BN by using the same exchange-
correlation functional, ranged from 7.071 to 7.076 eV per
atom depending on different stackings.?! 2D A-BN is a semi-
conductor with a calculated band gap Eg=4.42 eV, which is
5% smaller than a recent theoretical value, 4.64 eV.”

In this work, B and N triangle defects with four different
sizes are considered (Fig. 1). Here, Bn (n=1, 2, 3, and 4)
represents four B triangle defects with (a) 1, (b) 2, (c) 3, and
(d) 4 edge B atoms at each triangle edge, respectively, and
Nn (n=1, 2, 3, and 4) denotes four N triangle defects. The
fully relaxed structures of the 2-BN atomic layer with B and
N triangle defects are presented in Fig. 1. As can be seen in
Fig. 1, compared with pristine 2-BN atomic layer, no notice-
able structure change can be observed for monovacancy de-
fects B1 and N1. For B triangle defects, i.e., B2, B3, and B4,
a small structure distortion at triangle vertex appears, which
results in three pairs of two-coordinated B atoms at three
vertexes of the B triangle defects. The typical B-N bond
lengths for two-coordinated B edge atoms in B triangle de-
fects are calculated to be 1.46 A (B1), 1.45 and 147 A
(B2), 1.45, 1.47, and 1.44 A (B3), and 1.46, 1.48, 1.49, and
1.44 A (B4). In contrast to the B triangles, N2, N3, and N4
show distinct structure distortion. In fact, an N-N bond and a
pentagonal ring form at each vertex of N triangle defects
(N2, N3, and N4), which results in three coordinations for all

PHYSICAL REVIEW B 81, 153407 (2010)

vertex N atoms. In the case of N1, strong Coulomb repulsive
interaction between three edge N atoms prevents the forma-
tion of N-N bond and results in a larger atomic distance
2.59 A between the edge N atoms than that (2.49 A) of
pristine #-BN atomic layer. The calculated N-N bond lengths
decrease with increasing the size of N triangle defects, which
are 1.55, 1.49, and 1.47 A for N2, N3, and N4, respectively,
and are slightly larger than but comparable with that
(1.35 A) of N-N single bond in the cubic gauche nitrogen
(cg-N).?2 Such a N-N bonding can be further confirmed by
local DOS calculation and the charge population analysis.
The edge N atoms around the triangular defects in ~A-BN are
negatively charged, which induces the Coulomb repulsive
between two N atoms, resulting in longer N-N bonding
length. The N-B bond lengths for two-coordinated N edge
atoms in N triangle defects are 1.40 A (N1), 1.41 A (N3),
and 1.39 and 1.42 A (N4), respectively. The formation of
three pentagons at three vertexes should be very helpful to
assign the edge atom along the zigzag edges for N triangle
defects by scanning tunneling microscope. Meanwhile, the
formation of the N-N bonds at three vertexes induces the
increase in atomic distance between other edge N atoms,
which are calculated to be 2.74, 2.67, and 2.58—2.63 A for
N2, N3, and N4, respectively, well reproducing the measured
distances ranging from 2.63 to 2.72 A, by exit-wave recon-
struction of the high-resolution transmission electron micros-
copy image.'® We noticed that the Jahn-Teller effect and out-
of-plane relaxation of edge C atom were observed in a
defective graphene with triangle vacancies.”* However, these
effects could not be observed for 4-BN. As shown in Fig. 1,
all triangular defects consist of zigzag edges, which gives
rise to localized edge states.!” The Coulomb interaction
(~2 eV) (Ref. 6) between two electrons in such localized
edge states for ~A-BN is larger than a typical level splitting
(around the order of phonon energy, ~0.1 eV). The Jahn-
Teller effect does not occur for the degenerate states, which
is confirmed by the full optimization calculations. However,
in the case of graphene, since the screening effect by the
other electrons is strong due to a metallic character of
graphene, the Coulomb interaction should be suppressed sig-
nificantly, thus the Jahn-Teller effect or out-of-plane distor-
tion is expected for graphene with triangular vacancy
defects.”

Since the experimental observation of N triangle defects
in 2-BN is related to electron irradiation of high-energy (120
keV) electron beam,'? different charged states may occur si-
multaneously in which electrons are not in the thermal equi-
librium state. In this case, the conventional method** to
evaluate the relative stability of defects in 42-BN by calculat-
ing the formation energy as a function of electron chemical
potential is not suitable. Due to the Fermi-level pinning
originated from the in-gap defect state for 4-BN with trian-
gular defect, the electron chemical potential changes discon-
tinuously by applying a gate voltage while the charge
changes continuously. We do not consider the N-rich and
B-rich environments in present work because free B(N) at-
oms or clusters could not exist around the defective area
under a high-energy (120 keV) electron beam, which is much
higher than the threshold knock-on energy for both B (74
keV) and N (84 keV) atoms. Thus, it is more reasonable to
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FIG. 2. (Color online) Cohesive energies E, as a function of
number of charge in the supercell for #-BN atomic layer with N
(open A) and B (solid V) triangle defects. The E, of neutral 2D
h-BN is indicated by a black dot.

choose the cohesive energy calculation as a function of
charge to evaluate the stability of charged defects. In order to
reproduce the electron-rich environment, we have calculated
the cohesive energies E_ for B and N triangle defects as a
function of additional charge from +6¢ to —6¢ (e>0) per
supercell (le per supercell corresponding to 1.6X 103/
cm?), as shown in Fig. 2, by using the following expression:

E, = (ngE[B] + nyE[N] - E[BN])/(ng + ny), (1)

where E[B](E[N]) is the energy of isolated B(N) atom and
E[BN] is the total energy of 4-BN atomic layer with triangle
defects, ng(ny) is the number of B(N) atoms in the 72-BN
supercell. It should be noted that a larger E, means more
stable structure. In the neutral case, the E. decreases with
increasing the triangle size for B(N) triangle defects and is
smaller than that of 2D h-BN, and the E. of B triangle de-
fects is always larger than that of N triangle defects, which is
consistent with earlier theoretical and experimental
results.'!=13 For the monovacancy N1, strong Coulomb repul-
sive interaction between negatively charged edge N atoms
decreases E.. For large N triangle defects, the formation of
N-N bond makes large structure distortion and results in pen-
tagon formation, which makes the N triangle defects less
stable. On the other hand, all B triangle defects with four
different sizes show small structure deformation, which con-
tributes to a larger stability than that of N triangle defects.
Thus, the Bn is more stable than Nn for the neutral case.

As for charged triangle defects, the calculated E, depends
on the sign and number of charges as shown in Fig. 2. For B
triangle defects, the E. has a maximum at e=+1 and de-
creases with increasing the number of positive or negative
charge. However, the E_. of N triangle defects reaches the
maximum around e=-2. Thus, E.’s cross at e=—1 for B
triangle and N triangle defects with four different sizes.
Thus, we obtain larger E. of N triangle defects for negative
charged 2D h-BN for e=-2. This means that the h-BN
atomic layer with N triangle defects is more (less) stable than
that with B triangle defects in case of negatively (positively)
charged environment.

We expect an electron enriched environment by electron
irradiation in the transmission electron microscope measure-
ment. This is the reason why they observe only N triangle
defect in the experiment,m which is consistent with the
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FIG. 3. (Color online) Density of states plots as a function of
energy for (a) B1, (b) B4, (c) N1, and (d) N4 triangle defects. Here,
the total and local DOS are plotted for one k point sampling with
0.2 eV broadening. The N-N bonding state of N4 is shown in the
upper right inset of Fig. 3(d) and marked by a red asterisk. Black
solid lines are total DOS. Blue short dashed lines are local DOS of
B(N) edge atoms. Red short dot line indicates the N-N bonding
state. Green dashed lines denote integrated DOS and the red dot line
denotes the Fermi energy.

present E_ calculation. In order to confirm this, we next es-
timate how many electrons a N(B) triangle defect can accept
(donate).

In Fig. 3, the DOS and integrated DOS are plotted for the
h-BN atomic layer for two different sizes of B and N triangle
defects. We present the DOS plots only for two B and N
triangle defects because of the similarity of the other two
different sizes. As we can see from Fig. 3, the DOS plots
show an edge states (or defect states) in the energy gap. In
the cases of B triangle defects, a partially occupied states
appear around the gap center for B1 [Fig. 3(a)] and an unoc-
cupied states appear about 0.31 eV below the bottom of the
conduction band for B4 [Fig. 3(b)], depending on removing
odd or even number of atoms, respectively. These states
mainly consist of B zigzag edge!” states by local DOS (blue
short dashed lines in Fig. 3) analysis. We call these triangle
defect states deep and shallow donor states caused by remov-
ing N atoms. In Figs. 3(c) and 3(d), a partially occupied DOS
peak always appears close to the valence-band N triangle
defects, which consists of N zigzag edge states by local DOS
analysis. We simply call them acceptor states. This situation
with donor (B) and acceptor (N) states in 2-BN atomic layer
with triangle defects is opposite to that with impurity states
of B and N atoms in Si. From the integrated DOS, we found
that the deep donor states of B1 can accommodate only two
electrons and have already been half occupied by one elec-
tron. Thus, the Fermi level of B1 shifts down to the valence
band by removing this occupying electron. For B4, since the
shallow donor states lie close to the conduction band, which
require more energy for additional electrons to occupy. This
is the reason for the smaller E. of negatively charged B tri-
angle defects. Further, the partially occupied acceptor states
for N triangle defects lie close to the valence band can ac-
commodate additional electrons with small energy cost,
which can explain the maximum E_ at e=—2 for N triangle
defects. Integrated DOS show that the acceptor states can
accept 3—4 electrons. Moreover, as shown in the inset of Fig.
3(d), the N-N bonding state appear around —13.8 eV lower
than the Fermi level for N2, N3, and N4, which approves the
formation of N-N bonds.
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FIG. 4. (Color online) Charge population and charge density of
the h-BN atomic layer with triangle defects. (a) charge population
of N4, (b) total charge density of N4, (c) charge population of
negatively charged N4 with 2 electrons, (d) difference charge den-
sity of N4, (e) charge population of B4, (f) total charge density of
B4, (g) charge population of positively charged B4 with 2 electrons,
and (h) difference charge density of B4.

It is important to discuss charge distribution around the N
and B triangle defects. The charge population was calculated
by using Bader charge analysis.>>?® Based on the charge
population analysis, B(N) atom of pristine ~-BN is positively
(negatively) charged with +0.67¢ (—0.67¢), which verifies
the ionic covalent character of a B-N bond. In the case of N
monovacancy (N1), each edge N atom is negatively charged
with —1.59¢ and bonds with two B atoms, which means the
edge N atom has —0.25¢ [-1.59¢+2 X (+0.67¢)=-0.25¢]
negative charge. This net negative charge (—0.25¢) induces a
strong Coulomb repulsive interaction among three edge N
atoms. In Fig. 4, we plot the charge population, total charge
densities, and difference charge densities for N4 and B4 de-
fects. Here, the difference charge density is given by sub-
tracting the total charge density of neutral triangle defects
from that of charged triangle defects. As we can see from
Fig. 4(b), large charge density at the triangle vertex indicates
the N-N bonding in N4. The total charge-density plot shows
an electron enriched region surrounding the edges of N tri-
angle defect, which means that the N triangle defect is nega-
tively charged. Such a negatively charged N triangle defect
can be proved by charge population analysis [Fig. 4(a)], and
those two-coordinated N atoms appear to be negatively
charged with 1.62 electrons per atom, and three pairs of N
atoms locating at the triangle vertexes are also negatively
charged with 1.24 electrons per atom after forming N-N
bond. When the N4 is negatively charged (-2e), 1.2 elec-
trons are localized at the zigzag edge N atoms [Fig. 4(c)]

PHYSICAL REVIEW B 81, 153407 (2010)

which are calculated to be —1.74¢ and —1.32¢ electrons per
atom for six edge N atoms and other six N atoms forming
three N-N bonds, respectively. The difference charge-density
plot [Fig. 4(d)] clearly shows that additional electrons are
located at edges. On the other hand, as shown in Figs. 4(f)
and 4(g), the electron-deficient area surrounding the B tri-
angle edge indicates a positively charged (+1.39¢,+1.50¢)
edge in the B triangle defect. When the B4 is positively
charged by two electrons (+2e), all zigzag edge B atoms are
more positively charged [Fig. 4(g)] with +1.41¢ and +1.68¢
electrons per atom for six zigzag edge B atoms and other six
vertical B atoms, respectively, which means that +1.2¢ of the
+2e is localized at the edges [Fig. 4(g)]. If we control the
Fermi energy by a gate electrode, we can make B triangle
defects by electron irradiation as well. An important result is
that the charge at the edge atoms can be controlled by the
gate electrode. Thus, a nanometer sized vacancy can be used
for nanolens for electron-beam focusing by combining N and
B triangle defects in which the focus length can be controlled
by the gate voltage, which will be reported elsewhere.

In summary, DFT calculation was performed to study the
atomic and electronic structures of a 2-BN atomic layer with
B triangle and N triangle defects. For the N triangle defects,
the formation of N-N bond in the triangle vertex results in
the formation of pentagon, which should be checked by
scanning tunneling microscopy. Cohesive energy calculation
indicates that the negatively charged h-BN with N triangle
defects is more stable than that with B triangle defects. The
triangle defect states of the B(N) triangle defects lie close to
the conduction (valence) band, forming the donor (acceptor)
levels. Such triangle defect states are not fully occupied and
can accommodate additional electrons with small energy
cost, which is relevant to the stability of triangle defects. Our
DFT calculations can well explain the recently observed N
triangle defects in a free-standing #-BN. Moreover, the ion-
icity of B and N triangle defects can be controlled by chang-
ing the Fermi energy, respectively, which may be used as
future nanolens for electron-beam focusing with high reso-
lution.
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