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1  |   INTRODUCTION

Boron nitride (BN), being a wide band gap semiconductor 
ceramic, possesses remarkable properties and hence has var-
ious high‐tech applications. BN has four different crystalline 
forms.1‒4 The hexagonal (h‐BN) and rhombohedral (r‐BN) 
crystals with threefold coordination have a two‐dimensional 
(2D) structure while the cubic (c‐BN) and wurtzite (w‐BN) 
phases with fourfold tetrahedral coordination have a three‐di-
mensional (3D) structure. Both 3D‐phases can be attainable 
by pressurizing of h‐BN and r‐BN at room or high tempera-
tures. Due to their high hardness, these 3D‐crystals are con-
sidered as superhard materials.

Amorphous form of BN with sp2 hybridization can be 
easily produced by several experimental methods such as 
high frequency plasma‐assisted chemical vapor deposition, 
ball milling etc.5‒18 Yet its properties are still needed to be 
explored. Amorphous cubic BN layers were also fabricated 
by the reactive pulse plasma method.19 However, to the best 
of our knowledge, the atomic structure and the electrical and 
mechanical properties of tetrahedrally coordinated amor-
phous BN have not been revealed in any study so far. It should 
be pointed out here that BN forms structures, similar to those 
of carbon and tetrahedral amorphous carbon (ta‐C) shows re-
markable features. Therefore, it is possible that tetrahedral 

amorphous BN can also possess extraordinary properties as 
in the crystals. In this work, we investigate the properties of 
a tetrahedrally coordinated amorphous BN model using ab 
initio molecular dynamics (MD) calculations. The model is 
generated using the melt‐quench method and has a few coor-
dination defects and useful elecrical and mechanical features.

2  |   METHODOLOGY

An ab initio code20 within a pseudopotential method21 and 
a generalized gradient approximation (GGA)22,23 was used 
to model tetrahedral amorphous BN. We did the Brillion 
zone integration at Γ point. Double‐zeta basis functions were 
employed for the MD simulations whereas double‐zeta plus 
polarization basis sets were applied for the geometry optimi-
zation. c‐BN having 216 atoms and the lattice parameter of 
a = 10.86 Å was used as a starting structure and the NVT 
ensemble was chosen to perform MD simulations. Each 
MD time step was set to be 1.0  fs. c‐BN was exposed to 
8500 K for 2.0 ps and later the structure was quickly cooled 
to 5500  K. At this temperature, it was equilibrated about 
20.0 ps. The well‐equilibrated configuration was then cooled 
using a quenching rate of 2  ×  1013  K/s. For this quench-
ing rate, the system remained disordered at 4900  K but it 
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transformed to a crystalline structure at 4800  K as shown 
in Figure 1. Starting from 4900 K, we tried several cooling 
rates (4 × 1013‐2 × 1014K/s) but observed the crystallization 
or crystalline‐like phases. We only perceived a disordered 
structure at 300 K for the cooling rate of 4 × 1014 K/s. This 
disordered structure was finally relaxed using a variable cell 
conjugate gradient relaxation technique in which both atomic 
positions and lattice parameters were optimized.

3  |   RESULTS

Figure 2 shows the partial pair correlation functions 
(PPCFs) of the optimized amorphous model along with 
those of c‐BN at ambient pressure. The mean B–N bond 
distance is found to be 1.56 Å for the crystal and 1.55 Å for 
the amorphous configuration. These values well agree with 
the experimental bond separation of 1.57 Å in c‐BN.24 The 
first sharp peak of B–B and N–N correlations is located at 

2.56 Å for the crystal and 2.58 Å for the amorphous net-
work. Again they accord with the experimental value of 
2.56 Å reported for c‐BN.24 The presence of a weak peak 
at 1.69 Å for the B–B pair and 1.55 Å for the N–N correla-
tion, which are the main distinction between amorphous 
and crystalline states for the short‐range order, suggests 
the formation of some homopolar (wrong) bonds in the 
amorphous network but their fraction indeed is very small 
and hence the model can be considered as almost free from 
chemical disorder.

We next analyze the coordination number (CN) and coor-
dination distribution using the first minimum of the PPCFs 
(B–B  =  1.84  Å, B–N  =  2.14  Å and N–N  =  1.90  Å). The 
mean CN of both B and N atoms is 3.79. The average N–N 
and B–B CNs are 0.09, implying the presence of a negligi-
ble amount of wrong bonds in the noncrystalline state. In the 
model, 80% of B and N atoms show fourfold tetrahedral co-
ordination while the rest exhibit only threefold coordination. 
These values are indeed comparable with ta‐C that presents 
about 60%–80% sp3 bonding.25 The chemical environmen-
tal distribution given Table 1 can provide more information 
about the disordered BN structure. One can see that B–N4 

F I G U R E  1   Ball‐stick representation of boron nitride systems 
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  2   Partial pair correlation functions of the cubic and 
tetrahedral amorphous forms of boron nitride [Color figure can be 
viewed at wileyonlinelibrary.com]
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and N–B4 units are the most predominant ones in the network 
followed by B–N3 and N–B3 type motifs and that some tetra-
hedrally coordinated configurations such as B–BN3 and N–
NB3 involve with a homopolar bond. From the table one can 
also notice that the equal number of B and N atoms includes 
a wrong bond.

To provide more knowledge concerning the local of 
the noncrystalline state, we next examine the bond angle 
distributions and give them in Figure 3. Both B–N–B and 
N–B–N angles produce a main peak at around 109o close to 
the ideal tetrahedral angle of 109.5o, supporting the tetrahe-
dral character of the network. The angles near 90o are due to 
the four membered rings formed in the disordered state. The 
four membered rings were also observed in a hexagonal‐like 
amorphous model generated in our previous study.26

We perform the ring statistical analysis to have some 
information about the topological connectivity of the 
amorphous state and provide the analysis in Figure 4. The 
six‐membered rings, only ring in cubic‐BN, are the most 
frequent one in the amorphous configuration followed by 
eight‐membered rings. This again supports the tetrahedral 

nature of the amorphous network. The model presents some 
odd membered rings due to the existence of B–B and N–N 
homopolar bonds and a small amount of four membered 
rings. As mentioned above, such four membered rings were 
also witnessed in our 2D structured amorphous model.26 It 
should be also noted here that ta‐C presents four‐membered 
rings as well.27 Yet when the ring formation is considered, 
the basic difference between these two tetrahedral forms is 
the lack of three‐membered rings in tetrahedral amorphous 
BN, in a stark contrast to ta‐C.

Some applications of BN phases require the knowledge 
of their electronic properties. Here by calculating total and 
partial electron density of states (given in Figure 5), we 
reveal the electronic structure of tetrahedral amorphous 
BN and compare it with that of c‐BN. The forbidden en-
ergy band gap of c‐BN is projected to be ~4.85 eV that is, 
as expected, smaller than the experimental data of about 
6.0‐6.4 eV28‒31 due to the limitation of DFT‐GGA calcu-
lations. For the noncrystalline network, the estimated for-
bidden band gap is ~2.0 eV. The energy band gap of c‐BN 
is underestimated about 20%‐24%, and by assuming the 
same underestimation for the noncrystalline state, we spec-
ulate that the experimental band gap energy of the terahe-
dral amorphous phase could be around 2.5 eV. To provide 
further knowledge about their electronic structure, we ana-
lyze the partial electron density of states. The valence band 
near the Fermi energy has a main contribution from N‐p 
states while the conduction band has a major contribution 
from B‐p states, similar to h‐BN.

T A B L E  1   Chemical identities of B and N atoms in the 
tetrahedral amorphous BN model

B N

N4 74.074% B4 71.296%

N3 16.667% B3 19.444%

BN3 5.556% B3N 8.333%

BN2 3.704% B2N 0.926%

F I G U R E  3   Bond angle distribution functions (BADFs) of 
tetrahedral amorphous boron nitride [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  4   Ring distribution for the amorphous form of 
tetrahedral boron nitride
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The band tail states of amorphous materials present 
some signature of localization because of the presence of 
both topological and chemical disorders in the networks. We 
characterize the nature of the band tail states using inverse 
participation ratio (IPR) given by

where �m =
N∑

i=1

am
i
�i is the mth eigenstate and N corresponds to 

the number of atoms. The IPR of the noncrystalline phase is 
offered in Figure 6. The valance states close to the Fermi level 
are quite localized because of their high IPR values while the 
conduction tails are weakly localized because of their low IPR 
values, signifying an unequal localization near the Fermi level. 
Such a feature might be used to propose suitable type impurities 
for the amorphous model.32 Namely moving the Fermi energy 
to the valence band could be tougher than moving the energy to 
the conduction band and consequently n‐type doping is more 
suitable than p‐type doping.
c‐BN ranks the second hardest material after diamond. In 
order to see whether its amorphous form also presents the 

same features, we focus on its mechanical properties in de-
tails. In order to calculate bulk modulus (K) of the phases, we 
study their energy‐volume relation (see Figure 7) and fit it to 
the third‐order Birch‐Murnaghan equation of states.

From the fitting, the bulk modulus is projected to be 361 GPa 
for the crystalline phase and 206 GPa for the disordered network. 
So a  noticeable decrease in the bulk modulus is observed by 
amorphization in BN. The estimated bulk modulus for the c‐BN 
is fairly agrees with the earlier predictions of 363‐410 GPa.33

From the equation of state, the equilibrium volume (V0) of the 
crystalline and amorphous structures is predicted to be 6.033 and 
6.684 Å3/atom, respectively. Accordingly amorphization results in 
about 11% volume swelling in BN. The relative energy difference 
between two forms of BN at the equilibrium is 0.488 eV/atom.

Since the Young's modulus (E) can be straightforwardly 
calculated from the stress‐strain relation,

both tetrahedral BN phases are uniaxially compressed along 
the diagonal lattice vectors’ direction (due to the cubic 
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F I G U R E  5   Total and partial electron density of states of cubic 
and tetrahedral amorphous forms of boron nitride [Color figure can be 
viewed at wileyonlinelibrary.com]

F I G U R E  6   Inverse participation ratio (IPR) of tetrahedral 
amorphous boron nitride
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symmetry, c‐BN is compacted along [100] direction only) 
and the stress‐strain relations are monitored. From the best 
fitting, E is found to be 754 GPa for the crystal and 443 GPa 
(the average value) for the disordered network. The E value 
obtained for the crystal is indeed parallel to the prior results 
of 587 ± 30 GPa‐909 GPa34‒36

We also attain the lateral strain (�lateral)—applied strain 
(�applied) relation from the uniaxial compression simulations and 
calculate the Poisson's ratio (ν) using the following equation,

to be 0.16 for the crystal and 0.18 for the disordered net-
work. Again our value for the crystal agrees with data of 
0.11‐0.1734,37 available in the literature.

The next definition

leads the shear modulus (μ) to be 325  GPa for c‐BN and 
187 GPa for the noncrystalline model. Our estimation for c‐BN 
is in agreement with 275‐405 GPa.37

The Vickers hardness (Hv) is computed using three differ-
ent equations,38‒40

For c‐BN, these equations give its Vickers hardness to be 
around 49 GPa, in agreement with the earlier predictions of 
40‐75 GPa.41,42 For the amorphous state, its hardness is cal-
culated as 28‐35 GPa. Consequently a noticeable reduction is 
witnessed in the Vickers hardness accompanied by amorphi-
zation. Nonetheless the tetrahedral amorphous form of BN 
can still be categorized as a hard material.

4  |   CONCLUSIONS

A tetrahedral amorphous BN network is modeled using a 
constant volume ab initio simulations and its mechanical 
and electrical properties are reported for the first time. The 
noncrystalline configuration presents almost no chemical 
disorder. Yet similar to ta‐C, it shows coordination defects, 
in particular, under‐coordinated atoms. It is a semiconduct-
ing material with a GGA energy band gap of about 2.0 eV, 
which is noticeably less than 4.85 eV projected for c‐BN. Its 
bulk modulus and Vickers hardness are estimated as about 
206 GPa and 28‐35 GPa, respectively, signifying that tetra-
hedral amorphous BN can also serve as a hard material. Yet 
we need to point out here that tetrahedral amorphous BN can 
have different local structures (number coordination defects 
or chemical defects, etc) depending on experimental prepara-
tion procedures and hence it can possess different mechani-
cal and electrical properties and might offer various high‐tech 
applications.
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