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We report the structural and electrical properties of an amorphous BC; model based on ab initio molecular
dynamics simulations. The amorphous network is achieved from the melt and has a layer-like structure con-
sisting of mainly hexagonal (six membered) rings as in the crystal. However, the distribution of boron atoms in
the noncrystalline configuration appears to differ significantly from that of boron atoms in the crystal. The

network is a solid solution and has randomly distributed nanosized graphene-like domains at each layer. Boron
atoms have a tendency to form more overcoordinated defects involving with boron-boron homopolar bond(s).
The mean coordination of boron and carbon atoms is 3.2 and 3.0, respectively. Interestingly the amorphous
configuration is found to have a slightly higher density and bulk modulus than the crystal, which are attributed
to the existence of overcoordinated units in the amorphous state. Based on the localization of the band tail states,
noncrystalline BC; is speculated to be a semiconducting material.

1. Introduction

Graphite is the most stable crystalline form of the element carbon
(C) at ambient condition and is the most explored layered crystal
structure [1-3]. It presents a semimetallic character and very high
chemical and heat resistances. Due to these useful properties, it has
various high tech and fundamental applications. Yet in order to im-
prove its properties and/or expand its applications, researchers have
made considerable efforts to modify graphite by chemical doping [4-8],
chemical functionalization [9-11] etc. Amongst these methods, the
incorporation of heteroatom dopants into graphite has been shown to
be an effective technique to control its properties. The replacement of C
by boron (B) appears to be a naive chemical technique to alter its
electrical properties [12,13].

Lowell synthesized the first solid solutions of B in graphite having
up to 2.35% B content by annealing physical mixtures of graphite and
boron carbide (B4C) at temperatures up to 2500 °C [5]. Later the BC3
compound consisting of graphite-like structure was fabricated by the
interaction of boron trichloride with benzene at 800 °C [14]. The same
study reported that BCs is a homogeneous material having a sheet-like
nature but significantly turbostratic character and the layers are sepa-
rated 3-4 A apart [14]. Later experiments also revealed turbostratic or
disorder nature of BC3 [4,15,16]. At temperatures of 800-1100 °C, and
using acetylene, Filipozzi et al. synthesized BC3 and other compositions
with lower B contents [17] and argued that B atoms in carbon-rich
compound form B-B homopolar bonds based on magnetic resonance
spectra of BC3 and boron carbonitrides. The formation of B-B wrong
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bonds was also proposed for the samples synthesized at a temperature
of 1140 °C [18].

Computational scientists have put great efforts to predict the staking
of BCj3 layers in the bulk form using first principle calculations within
different exchange correlation functionals [19-24], yet the packing of
the layers still remains controversies. The AB-stacking type, as in gra-
phite, appears to be the most stable stacking, has an orthorhombic
structure with Cmcm symmetry [25] and shows a semiconducting be-
havior [25]. This layered crystal transforms to a diamond-like phase
having the space group P42m at a pressure of about 4.0 GPa based on
first principles calculations [25]. The high-pressure phase of BCs is a
superhard material with a bulk modulus of about 360 GPa and a Vickers
hardness of 41 GPa [25]. In a different ab initio investigation, a
transformation from Cmcm to C/2C was reported for the BC; crystal at
35 GPa [26] but the metallization was proposed to occur at 20 GPa. At
ambient pressure the bulk modulus of C/2C was estimated to be
360 GPa. A transition into a monoclinic structure at about 9 GPa was
recently predicted for BC3 [27]. This phase is also a superhard material
having the Vickers hardness of 43.8 GPa.

None of the phases proposed in theoretical investigations have been
observed in any experiment yet. The first high pressure-experiment
suggested that BC; transformed into a mixed state having B4C and B-
doped diamond phases at 20 GPa and 2300 K [28]. Raman studies re-
ported the formation of diamond-like crystal at a temperature of
2033 * 242 K and a pressure of 50 GPa [29]. The symmetry of this
high-pressure phase is not known yet, to our knowledge. On the other
hand, the graphite to diamond-like phase modification was not
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observed under the shock wave loading [30]. Yet the recovered samples
presented the permanent structural modifications including a local
phase segregation in BC; and a transformation into highly disordered
phases having a mixture of amorphous B4C and graphite. Sample
properties, experimental conditions/protocols etc. might be responsible
for the different observations in these studies. Additional experiments
are needed to better understand BCj; at high pressure.

The existence of amorphous (disordered) phase of BC; (a-BCz)
might be anticipated because amorphous C with different densities
exists [31]. Indeed, B doped amorphous graphite up to 25% B content
can be easily fabricated experimentally [32]. Yet to our knowledge, no
simulation has been carried out to explore a-BCs at the atomistic level.
The purpose of the present work is to provide information about the
short-range order of a-BC3 and its electronic properties in details.

2. Methodology

Molecular dynamics (MD) simulations were carried out by SIESTA
ab initio program [33] within a pseudopotential technique [34] and a
generalized gradient approximation (GGA) [35,36]. The I' point was
used for Brillion zone integration. Double-zeta basis functions were
adopted for the MD calculations. The initial configuration was a ran-
domly distributed structure with 216 atoms (162 C atoms and 54 B
atoms). The NPT approach was preferred to execute MD calculations
having 1.0 fs for each time step. The starting configuration was exposed
to a temperature of 5500 K for 20.0 ps and then temperature was de-
creased gradually to 4000 K in 5.0 ps. At this temperature the structure
was equilibrated additionally for 20.0 ps and then the temperature
applied was reduced to 300 K using a quenching rate of 2 X 10%° K/s.
Finally, the resulting structure at 300 K was optimized using a con-
jugate gradient method. During the relaxation, not only the atomic
positions but also the lattice parameters were relaxed. In order to
compare the local structure and the electrical properties of the amor-
phous network with those of the crystal, the crystal having Cmcm
symmetry and 256 atoms was contracted and its lattice parameters and
atomic positions were optimized as well. The density of the relaxed
amorphous and crystalline phases at ambient pressure is 1.919 g/cm®
and 1.902 g/cm?, respectively. So, one can see that noncrystalline state
has a slightly higher density than the crystal. The physical origin of
such an unusual observation will be discussed later. ISAACS [37] and
VESTA [38] programs were used to get some information about the
system at the atomistic level and to visualize the structures, corre-
spondingly.

3. Results

In order to compare the atomic arrangement of the amorphous and
crystalline (Cmcm) forms of BCs, their partial pair correlation functions
(PPCFs) are initially inspected and plotted in Fig. 1. The average B-C
bond distance is positioned at 1.55 A for the crystal and 1.54 A for the
amorphous network. The C-C bond length is located at 1.42 A for the
ordered state and 1.44 A for the disordered one. Our values estimated
for the crystal precisely overlap with the data predicted in earlier si-
mulation [22]. From these results, one can notice a slight shortening in
the B-C bond distance and a trivial enlargement in the C-C bond length
by amorphization. The most drastic difference between two forms of
BC; is observed in their B-B correlation. Specifically, the position of first
two peaks of a-BCs is distinctively lesser than that of the crystal, in-
dicating that the distribution of B atoms in the disordered configura-
tions is considerably different from that of the BC3 crystal (Cmcm). The
first peak placed at 1.73 A is due to B-B homopolar bonds in a-BCz and
such bonds do not exist in the crystal but their presence was argued in
turbostratic or structurally disordered BC3[17] or high B content ma-
terials synthesized at a temperature of 1140 °C [18].

Coordination distribution of each species are provided in Table 1,
which is estimated from the first minimum of PPCFs (B-B = 2.05 10\, B-
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Fig. 1. Partial pair correlation functions (PPCFs) of the amorphous and crys-
talline phases of BCg.

Table 1

Coordination distribution of B and C atoms in the amorphous model.
Coordination 2 3 4 5
B (%) 3.7 77.77 12.96 5.55
C (%) 0 94.44 5.55 0

C = 2.0 A and C-C = 1.94 A). About 95% of C atoms have sp> hy-
bridization while the rest have only sp® hybridization. The mean co-
ordination number of C-atoms is 3.05, parallel to 3.0 in the crystal. In
the amorphous state, C-C and C-B coordination numbers are 2.18 and
0.87, respectively while they are 2.0 and 1.0 in the crystal, corre-
spondingly. This observation advises that C atoms have a tendency to
form more C-C bonds in the amorphous network than in the crystal. B
atoms, on the other hand, have a coordination distribution ranging
from two to five. Yet the most dominant one is sp> coordination with a
fraction of about 78%. The average coordination number of B atoms is
about 3.2, slightly higher than 3.0 in the crystal. B-C and B-B co-
ordination numbers are 2.61 and 0.59 in the noncrystalline phase while
the B-C coordination number is 3.0 for the crystal (no B-B bonds). These
findings expose that the formation of overcoordinated structural defects
(fourfold and fivefold) is more favorable than undercoordinated struc-
tural defects (twofold) (see Table 1) and B atoms have a trend to form
more coordination defects than C atoms (see Table 1).

To offer more information about the microstructure of the amor-
phous network, we provide the result of the chemical environment



M. Durandurdu

Table 2

Chemical identities around B and C atoms in the amorphous configuration.
B C
Cs 64.815% CyB, 43.210%
CyB1 12.963% Cs 37.654%
CyB, 11.111% C;B, 12.963%
CyB3 3.704% C1B3 2.469%
Cy 3.704% CyBy 1.852%
CiBs3 1.852% B4 1.235%
C;B4 1.852% B3 0.617%

Fig. 2. Ball stick representation of a-BCs (top panel). A single layer extracted
from the model (lower panel).

analysis in Table 2. The crystal is made of only two type motifs: B-C3
and C-BC,. Yet as seen in Table 2, the amorphous network presents
various chemical environments for each species. C-BC, (~43%), C-
C3(~38%) and C-C;B, (~13%) type units are the most common ones
around C-atoms. Consequently, the chemical environment of about 43%
of C atoms is similar that of C atoms in the crystal. The formation of C-
C3 units might denote the presence of ordered/disordered graphite-like
domains in the amorphous network. A close examination of the model
by visualization does indeed confirm the existence of such domains in
the amorphous network (See Fig. 2). B-C3 (~65%), B-BC, (~13%), B-
B>Cy (~11%) kind configurations are the first three primary units
around B atoms. Accordingly, ~65% B atoms have a chemical en-
vironment similar to that of the crystal and 11% of B atoms have a
tetrahedral coordination involving with B-B homopolar bond(s).
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Fig. 3. Bond angle distribution functions of a-BCs.

To deliver additional information regarding the atomic structure of
the amorphous configuration, we study its bond angle distribution
functions. The crystal has the B-C-C, C-B-C, C-C-B and C-C-C angles at
around hexagonal angle of 120° while a-BC; has eight different angle
distributions as shown in Fig. 3. In the amorphous form, the B-C-C, C-B-
C, C-C-B and C-C-C distributions also produce a main peak around 120°,
demonstrating dominant trigonal symmetry. The shoulders at below
and above the hexagonal angle in these distributions are due to the five-
membered and seven-membered rings, respectively as in amorphous
graphite [31]. The other B-C-B, B-B-C, C-B-B and B-B-B angles present a
complex and wide-angle distribution. Such large distributions are
probably related to the low fraction of B-B bonds involving different
membered rings.

The ring statistical analysis is executed to expose the topological
connectivity of the noncrystalline network. The ring study is given in
Fig. 4. The six-membered (hexagonal) rings, sole ring in the crystal, are
the leading ones in the noncrystalline arrangement followed by five-
and seven-membered rings. These observations are very similar to what
has been proposed for amorphous graphite [31].

We reveal the electronic properties of both forms of BC; by ana-
lyzing their electron density of states that is provided in Fig. 5. The
Fermi level is shifted to zero eV. The energy band gap of the crystal is
estimated to be 0.85 eV, which is higher than 0.3 eV (Ceperly and
Alder-LDA) and 0.4 eV (Perdew-Burke-Ernzerhof-GGA) values but
comparable with 0.77 eV calculated using Engel-Vosko-GGA that is
believed to produce better band gap energy than other GGAs [39]. The
amorphous form shows no clear band gap and its EDOS is similar to that
of a semimetallic material. The gap between highest occupied mole-
cular orbital and lowest unoccupied molecular orbital is too small and
about 0.14 eV. From the EDOS alone, it is hard to predict its electronic
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Fig. 5. Electron density of states of the amorphous and crystalline phases of
BCs.

nature without any hesitation. Therefore, we study the localization of
the band tail states of a-BC3 by using inverse participation ratio (IPR)

IPR@)=NY " ™Y a™y

where ), = Zfil a"¢, is the m™ eigenstate and N corresponds to the
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Fig. 6. Inverse participation ratio (IPR) of a-BCs.

number of atoms. The IPR estimated for the amorphous model is offered
in Fig. 6. One can see that both valance and conduction states around
the Fermi level (at zero eV) are rather localized due to their high IPR
values. By considering underestimation of band gap energy in DFT-GGA
calculations, the localized tail states (the states are extended for me-
tallic systems) and the experimental observation of a metal-to-insulator
phase changed in B-doped amorphous graphite depending on B content
[32], we speculate that a-BCs is a semiconducting material, albeit with
small band gap energy. Yet experimental works or hybrid exchange
functional calculations are necessary to reveal the true electronic be-
havior of a-BCs. To offer further understanding about the electronic
structure of the BC3 forms, we evaluate the partial electron density of
states as well. It appears that C-p states have main impact on both
valence and conduction bands near the Fermi energy. B-p states also
have some influence to them.

In order to calculate the relative energy difference between the
ordered and disordered phases and their equilibrium volume and bulk
modulus, their energy-volume relation (see Fig. 7) is estimated using a
variable cell optimization technique and fitted to the third-order Birch-
Murnaghan equation of state

s (R ORIl

The equilibrium volume (V) is estimated to be 10.155 A3/atom for
the amorphous model and to be 10.22 A3/atom for the crystal.
Accordingly, the amorphous phase has a slightly lower volume than the
crystal. Their relative energy difference at the equilibrium is 0.15 eV/
atom. From the equation of state, the bulk modulus is proposed to be
about 24 GPa for the crystalline structure and 35 GPa for the non-
crystalline configuration. Subsequently, an increase in the bulk mod-
ulus of BCs is experienced by amorphization.

4. Discussion

The structural analyses reveal that a-BC; has a layered structure as
in the crystal and some layers are linked each other by B-atoms as seen
in Fig. 2. The connectivity of network is similar to amorphous graphite
[31]. The local structure of a-BC3, however, is different from that of the
crystal. Specifically, the distribution of B atoms in the amorphous
network is not analogous to that of B atoms in the crystal. Such a dif-
ferent distribution produces unsystematically dispersed nanosized gra-
phene-like domains at each layer. Overcoordinated defects, in
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Fig. 7. Energy-volume relation of the amorphous and crystalline phases of BCs.

particular sp® bonds, and chemical defect (the formation of B-B
homopolar bonds) are two other essential differences between the
amorphous and crystalline structures. Considering the occurrence of B-
B bonds in some samples having high B content (~25%)[17,18], the
observation of such bonds in a-BC3 might be unsurprising. This result
might imply that a-BCs is structurally closer to the turbostratic BC3 than
to the crystal.

In a contrast to what has been observed in most amorphous mate-
rials in which amorphization leads to a lower density, a-BCz has a
slightly higher density and bulk modulus than the crystal. This is at-
tributed to the formation of sp® motifs and linkages between some
layers provided by B atoms.

Our disordered network appears to be different from the one formed
under shock compression experiment [30]. A mixture of amorphous
B4C and graphite is not witnessed but a solid solution is perceived in the
present study. This observation is especially important because it sug-
gests that amorphous phase of BC3 having a significantly diverse local
structure can be fabricated depending on preparation protocols and
might have distinctive physical, electrical, mechanical and chemical
properties. Consequently a-BC; might offer a wide range of high-tech
applications. Therefore, additional studies using different experimental
conditions or procedures (temperature, nonhydrostatic compression,
irritation, etc.) are necessary to reveal its properties and potential ap-
plications.

5. Conclusions

The atomic structure and electrical features of an amorphous BC3
model are discussed based on ab initio MD calculations. The model is
generated using “melt and quench” technique and has a layer-like
structure as in the crystal. The connectivity of the network is mainly
due to hexagonal (six membered) rings, similar to the crystal, but the
distribution of B atoms in the amorphous structure seems to differ
considerably from that of B atoms in the crystal. The distribution of B
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atoms yields arbitrarily dispersed nanosized graphene-like domains. B
atoms involve more overcoordinated defects having B-B homopolar
bond(s) and its mean coordination is 3.2. The presence of higher co-
ordinated motifs in the amorphous state leads to a marginally higher
density and bulk modulus than the crystal. The localization of the band
tail states is perceived and hence noncrystalline BC; is proposed to be a
semiconducting material. All conclusions are based on a 216-atom
amorphous model. We believe that this model provides accurate in-
formation about the short-range order but the medium range order
cannot be captured due to its small size. For larger systems, the size of
graphene-like domains or well separated domains will be more visible
and a clear picture about the medium range order and phase separa-
tions if any can be easily attainable. Therefore, additional theoretical
studies on larger systems are more desirable to probe its microstructure
in details.
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