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Amorphous boron nitrite ismodeled bymeans offirst principlesmolecular dynamics simulations and found to be
almost chemically ordered in a stark contrast to theprevious predictions. Its average coordination number is 2.97.
Themain building unit of the amorphous network is hexagonal rings as in themost stable boron nitrite phase but
chain-like structures and tetragonal-like rings also exist in amorphous network. The model consists of partially
hexagonal nanosheets and hence it is not entirely disordered. Amorphous boron nitrite has a band gap energy
of about 2.0 eV.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Boron nitride (BN) can have both amorphous and crystalline phases
at ambient and high pressure and temperature conditions. The hexago-
nal BN (h-BN) is the most stable phase having a two-dimensional lay-
ered structure, similar to graphite [1]. In the layers, B and N atoms
form interconnecting hexagonal rings and the B\\N bonding is very
strong (covalent) but the layers are held together by the weak Van
der Waals forces. Therefore h-BN can be easily compressible under
stress. Rhombohedral BN (r-BN) is another two-dimensional form of
BN consisting of a stacking arrangement of three layers [2]. Cubic BN
(c-BN), a three-dimensional form, exists in the zinc-blende structure
and can be easily synthesized from h-BN at high temperature and
pressure conditions [3]. c-BN is tetrahedrally bonded and an extremely
hard material. BN can also crystallize in the wurtzite structure (w-BN)
that can be produced by annealing h-BN at high temperatures and pres-
sures as well [4]. Analogous to c-BN, w-BN is also tetrahedrally coordi-
nated and is a candidate for superhard materials. When amorphous
BN (a-BN) is considered, regrettably, its atomic structure and properties
are not as clear as those of the crystalline phases in spite of numerous
investigations [5–19]. Since thephysical, chemical,mechanical and elec-
tronic properties of a-BN will correlate with its bonding natures, it is
truly important to have an atomistic level description of a-BN to under-
stand its properties in details and to outline its possible technological
applications.

It was reported that the amorphous sample prepared by a ball mill-
ing technique [8] and hydrogenated a-BN synthesized by very high
frequency plasma chemical vapor deposition [7] consisted of mainly
sp2 bonding but they also had a small amount of sp3 bonding. On the
other hand, simulations [18,19] offered strikingly different pictures for
a-BN. Amorphous models generated using an ab initio method [19] ex-
hibited N2 dimers and a noticeable amount of homopolar (wrong or
like) bonds. a-BN with various densities was created using density-
functional tight binding simulations [18] and similar to the ab initio
prediction, the formation of N2 dimers and B\\B and N\\N wrong
bondswas observed in eachmodel. Interestingly the average B\\B coor-
dination number was found to be roughly two and independent of the
density of themodels [18]. To our knowledge, the presence of homopo-
lar bonds in a-BN has not been discussed in any experiment except in
boron-rich amorphous films [20]. This might imply that it is chemically
ordered or has a negligible amount of homopolar bonds. Too short
simulation time (less than a few picosecond) used in these theoretical
approaches [18,19] is possibly the main reason for the presence of
many dimers, which is, we believe, also responsible for a great number
of homopolar bonds in the computer generated models.

The main objective of the present study is to model a realistic a-BN
network using an ab initio technique and to uncover its properties
that have not been revealed in the previous investigations so far. Our
findings suggest a nearly chemically ordered model in which sp2 bond-
ing is dominated and produces largely hexagonal and tetragonal rings.
The a-BN model is found to be a mixture of nanoscale hexagonal and
amorphous phases.

2. Method

The simulationwas performedusing SIESTA ab initio code [21] that is
based on first principles density functional theory (DFT). A double-zeta
plus polarized basis set was adopted for the valence electrons. The gen-
eralized gradient approximation proposed by Becke gradient exchange
functional [22] and Lee, Yang, Parr correlation functional [23] was used
to calculate the exchange-correlation term. The pseudopotentials were
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Fig. 2. PPDFs of the relaxed a-BN and liquid BN at 3300 ± 32 K.
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generated using the Troullier–Martins scheme [24]. Γ-point was applied
solely for the Brillouin zone integration. The molecular-dynamics (MD)
simulations were done within the isothermal–isobaric ensemble. The
velocity scaling technique was applied to control temperature. The
Parrinelo–Rahman method [25] was used to equilibrate pressure but
the shear deformationswere not allowed. AMD time step of one femto-
second (fs) was used. c-BNwas chosen as a starting structurewith 108 B
and 108N atoms. The structure was subjected to a high temperature of
5500 K for 2.0 ps. Then temperature was gradually reduced to 3300 K
at which the structure was equilibrated for 10.0 ps. Finally, the liquid
state was quenched to 300 K in 10.0 ps. The resulting amorphous struc-
turewas relaxed using the conjugate gradient technique. Itsfinal density
of the a-BN model was equal to 2.042 g/cm3. The last 1000 MD steps of
the liquid state were collected for the structural analyses. Some thermo-
dynamic parameters during the quenching as a function of MD time
were illustrated in Fig. 1. Based on the fluctuations of thermodynamic
parameters at the liquid state due to the finite size of system, the uncer-
tainty in these parameters is estimated to be less than 1.0% using the
standard error analysis.

3. Results

The partial pair distribution functions (PPDFs) of the relaxed amor-
phous model are shown in Fig. 2. The strongest peak of the B–N, B–B
and N–N pairs is located at 1.46 Å, 2.51 Å and 2.54 Å, respectively. Com-
paring this B\\N bond length with that of two- and three-dimensional
crystalline h-BN and c-BN phases, one can see that it is noticeably
shorter than sp3 bond distance of 1.57 Å (Ref. [26]) but comparable
with sp2 bond length of 1.44 Å (Ref. [26]). On the other hand, the posi-
tion of the strongest B–B and N–N peak of a-BN is close to the second
neighbor (B–B or N–N) separations of 2.50 Å for h-BN and 2.56 Å for
c-BN (Ref. [26]). An important structural feature presented in the B–B
and N–N pairs, which is not offered in the crystalline BNs, is the pres-
ence of weak peaks or subpeaks at the shorter correlation distances, sig-
nifying the existence of N\\N and B\\B bonds in a-BN. The weak peak
around 1.47 Å in the N–N pair is not due to the N2 dimer because the
bond length of N2 dimer is close to 1.1 Å. N atoms involving with the
wrong bond are threefold coordinated. The subpeak around 1.70 Å in
the B–B pair is due to the single B\\B bond, creating a pentagonal ring
in the amorphous network. The second subpeak/shoulder in both N–N
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Fig. 1. Free energy (FE), temperature (T), pressure (P) and volume (V) as a function ofMD
time.
(around 2.2 Å) and B–B (near 2.01 Å) correlations is not associated
with homopolar bond(s) but they are due to the tetragonal BN rings
(diamond shaped) as shown in Fig. 3. The tetragonal ring regularly
forms in the BN nanocages [27,28] and hence it is not an unfamiliar
cluster type for BN. Yet a surprising finding is that each tetragonal ring
in a-BN is slightly deformed and the B–B correlation is always less
than that of N–N separation. The most important conclusion derived
from the PPDF analysis is the formation of negligible amount of homo-
polar bonds in a-BN unlike the earlier simulations [18,19].

The coordination number (CN) is a fundamental parameter describ-
ing the atomic structure of an amorphous network in details. The CN of
a-BN is calculated using the cutoff distances of 1.89 Å for B–N, 1.81 Å for
B–B and 1.64 Å for N–N. Fig. 4 shows the coordination distribution. The
threefold-coordinated atoms are prevailed with a frequency of 91%. The
fraction of twofold- and fourfold-coordinated atoms is rather unimpor-
tant and is about 6% and 3%, respectively. The resulting average CN is
2.97.We should stress here that not all sp2 bonding form complete hex-
agonal rings, some generate the tetragonal or incomplete hexagonal
ones and the rest plays a partial role for the formation of larger rings.
The twofold coordinated atoms shape chain-like structures. The
fourfold-coordinated atoms produce tetrahedrons and some of which
are quite deformed with three bonds (~1.55 Å) and one longer one
(~1.77 Å). Therefore their angles are quite off from the ideal tetrahedral
angle of ~109.5°. All these findings support predominant sp2 bonding in
a-BN and further suggest the existence of sp bondingwhose concentra-
tion is higher than that of sp3 bonding.

For a deeper understanding of the microstructure of a-BN, we
also study the bond angle distribution function (BADF). Its B–N–B and
N–B–N angle distributions are given in Fig. 5. The model has very
broad distributions with the main peak located around 120°, indicating
that the a-BN has a strong tendency to attain a local structure similar to
that of h-BN. The subpeak around 80° for the B–N–B and 95° for N–B–N
are due to the tetragonal rings (see Fig. 3). The angles larger than 130°
are mostly related to the chain-like clusters.

Since some of technological applications of BN depend on its
electronic structure, we finally study the electronic density of state
(EDOS) of a-BN and h-BN and show them in Fig. 6. h-BN has a band
gap energy of around 4.5 eV, which is less than the experimental
value of about 6.0 eV as expected due to the restriction of DFT to define
the exited states. a-BN also presents a clear band gap energy whose
magnitude is roughly 2.0 eV. This band gap energy is expected to have
a greater value in experiments. To have additional information about
the electronic structure of a-BN, we also calculate the partial density
of states (PDOS) and give them in Fig. 6. The energy band levels around



Fig. 3. Tetragonal ring formed in a-BN.
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−20 eV have contributions from B-s, B-p and primarily N-s states. The
upper valance band near the Fermi Level is due to B-s, B-p and mainly
N-p states. The lower conduction band near the Fermi level is dominat-
ed by B-p states. Similar findings have been reported for h-BN in a first
principles plane wave calculation [29].
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4. Discussion

The computer generated a-BN model has primarily sp2 bonding,
which is consistent with the experiments [7,8] but it has neither N2 di-
mers nor a considerable amount of homopolar bonds contrary to the
earlier simulations [18,19]. Indeed the fraction of chemical disorder in
the liquid BN is also very minor as shown in Fig. 2. The liquid BN at
3300 ± 32 K consists of single N2 molecule as indicated by the weak
peak located at 1.1 Å and two B\\B wrong bonds. During the solidifica-
tion process, one of B\\B bonds and the N2 molecule are purged around
1800 ± 17 K due to the structural rearrangements.

The contradictory findings in the simulations can be linked to many
factors but we will focus on some important ones here to explain diverse
observations. The first one is the size of simulation boxes. Our amorphous
network (216 atoms) is fairly larger than the 64 and 140 atom models
generated in the previous simulations [18,19]. For a larger system, indeed
more homopolar bonds can be anticipated. Therefore the size cannot be a
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is at zero eV.



Fig. 7. Computer generated a-BN model. Dark atoms are B and light ones are N. For clarity, some atoms are removed from the model.
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main reason for the dissimilar estimations. The second one is the simula-
tion time. The total simulation time of the present work is quite longer
than one used in the earlier studies and hence it can be an important fac-
tor for the inconsistent outcomes. In Ref. [18], a randomly arranged net-
work was used as a starting structure, which was equilibrated for 1.0 ps
at 10,000 K. This very high temperature state was quenched to 300 K in
2.0 ps. On the other hand, in Ref. [19], a highly unstable simple cubic
state (it is initially very chemically disordered, see Fig. 2 of Ref. [19])
was chosen as an initial structure that was thermalized at 4000 K for
350 fs and cooled to 300 K in 500 fs. Therefore, we believe that the system
in these simulations did not reach the true equilibrium state in short sim-
ulation times. Note that our starting structure was the ZB phase (4-fold
coordinated), which is topologically very different than the most stable
h-BN but a long simulation time resulted in an amorphous model
whose local structural arrangement is close to that of h-BN.

Perhaps the most fascinating observation is the occurrence of
randomly distributed some ordered geometries in the computer-
generated model, which form hexagonal-like nanosheets as shown in
Fig. 7. Therefore a-BN is not fully disordered but a mixture of ordered
anddisordered topologies,whichprobably explainswhy a-BN caneasily
transforms into turbostratic BN by thermal treatments [5].Moreover the
formation of tetragonal rings as in some BN nanocages and the bending
of nanosheets might indicate that cage- or capsule-like nanostructures,
perhaps uncompleted or very defective ones, can exist in a-BN as well.
Consequently a-BN can have different types of nanostructures, which
makes a-BN a unique material having different potential technological
applications if their size and shape can be controlled or altered easily.

All these predictions, of course, are based on the simulation of a 216-
atommodel. For a larger system, different topological and chemical dis-
orders can be anticipated. Indeed we expect slightly higher homopolar
bonds, marginally more coordination defects (two and fourfold) and a
larger scale of nanostructures in a bigger model. Since the physical
properties depend on the morphology of the amorphous networks,
any change in their topology and bonding will surely have some influ-
ences on them.

5. Conclusions

We have generated an a-BN model using an ab initio MD technique
and analyze its atomic structure in details. The model is almost
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chemically ordered and has predominantly sp2 bondingwhich results in
not only hexagonal rings but also tetragonal ones as seen in BN
nanocages. The interconnecting hexagonal rings yield nanosheets and
some of which are bended. The presence of tetragonal rings plus
bending of nanosheets are interpreted as a possible formation of cage
or capsule-like nanostructures in a-BN. The a-BNmodel possesses semi-
conducting properties.
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