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1 | INTRODUCTION

Boron suboxide (BgO) has been of substantial scientific

Abstract

We study the atomic structure and the electronic and mechanical properties of amor-
phous boron suboxide (B¢O) using an ab initio molecular dynamic technique. The
amorphous network is attained from the rapid solidification of the melt and found
to consist of boron and oxygen-rich regions. In the boron-rich regions, boron atoms
form mostly perfect or imperfect pentagonal pyramid-like configurations that nor-
mally yield the construction of ideal and incomplete B, molecules in the model. In
addition to the B, molecules, we also observe the development of a pentagonal
bipyramid (B;) molecule in the noncrystalline structure. In the oxygen-rich regions,
on the other hand, boron and oxygen atoms form threefold and twofold coordinated
motifs, respectively. The boron-rich and oxygen-rich regions indeed represent struc-
turally the characteristic of amorphous boron and boron trioxide (B,O53). The amor-
phous phase possesses a small band gap energy with respect to the crystal. On the
bases of the localization of the tail states, we suggest that the p-type doping might
be more convenient than the n-type doping in amorphous B¢O. Bulk modulus and
Vickers hardness of the noncrystalline configuration is estimated are be 106 and 13-
18 GPa, respectively, which are noticeably less than those of the crystalline struc-
ture. Such a noticeable decrease in the mechanical properties is attributed to the

presence of open structured B,0O5 glassy domains in the amorphous model.
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B4O is generally synthesized by the chemical interaction
of amorphous or crystalline boron phases with B,Oj3 or other
oxidants'*™'® at high temperature and pressure conditions

attention since it offers a wide range of extraordinary phys-
ical and chemical properties. Lightweight, high hardness,
high thermal conductivity, high chemical inertness etc. are
some of its great features.'® B¢O is considered as a super-
hard material having a Vickers hardness of 38-45 GPa,7_9
which is comparable with that of B,C and cubic BN.
Indeed BgO is ranked to be the third hardest material. Yet
it has not been commercialized because it is a typical
unsinterable material under ambient pressure condition.'®!!
A proper sintering agent has not been established since
B0 is simply oxidized to form B,0s.'”'" Furthermore its
full densification is quite challenging even by high-pressure
sintering techniques.'!!

ranging from ambient to 8 GPa.>'>'*? However, the sam-
ples fabricated at ambient pressure present usually oxygen-
deficiency B¢O, (x < 0.9) and a rather poor crystallinity. "’
The production of stoichiometric B¢O can be achievable at
pressures exceeding 4.0 GPa and temperatures of around
2000 K if the amorphous B is used as a starting structure.”
Yet, later investigation has shown that stoichiometric BcO
can be fabricated at a pressure as low as 1.0 GPa if p-Bygg
crystal is used as a starting material.>> Nonetheless, a pure
phase of BO is still challenging to manufacture. BgO has a
crystal structure related to a-rhombohedral boron,3 16 which
consists the quasimolecular (B,) icosahedron and two oxy-
gen (O-0) atom chains at the center of the rhombohedron.
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Amorphous boron oxide (BO,) films including B¢O can
be produced using distinctive experimental techniques such
as evaporation, cathodic arc deposition, and radio fre-
quency magnetron sputtering.**° These experimental stud-
ies mainly focused the mechanical properties of the thin
films and proposed that an increase in O concentration and
a decrease film density lead to a decrease in the mechanical
properties.

There have been two theoretical attempts to model amor-
phous BO,. In the classical molecular dynamics simula-
% the influence of O content on the mechanical
properties was explored and it was reported that B—O bonds
promoted ionicity rendering a lower elastic modulus with
increasing O concentration. In the second study,! the effect
of impurities (N, C, Ar etc.) on the mechanical properties of
BO, films was investigated using ab initio simulations.

In a high-pressure study,’” during pressure release, the
B¢O crystal was found to transform to an amorphous state
consisting of the amorphous boron trioxide (a-B,O3;) and
glassy boron (a-B). Additionally during the nanoindentation
process,* a shear-induced local amorphization of BgO was
perceived in the experimental study and it was inspected in
an ab initio simulation.**

These experimental studies expose the fact that amor-
phous BgO (a-B¢O) can be straightforwardly obtainable
under different conditions but no serious theoretical investi-
gation has been executed to disclose its atomic structure
and its electrical and mechanical properties. The main pur-
pose of the present work is to generate a-BgO using an
ab initio molecular dynamics (AIMD) approximation and
to provide information about it in details.

tions,

2 | METHOD

The present AIMD simulations were carried out by the
SIESTA code® within the pseudopotential approach®® and
generalized gradient approximation (GGA).*’”® The DZ
basis sets and sole I" point for the Brillion zone integration
were selected. Constant number of atom, pressure, and tem-
perature ensemble was chosen to execute the AIMD simu-
lations. Temperature and pressure were controlled by the
velocity scaling and the Parrinelo-Rahman® algorithms,
respectively. The each time step was arranged to be 1.0 fs.
Our preliminary structure had a cubic symmetry and con-
sisted of 224 atoms (192 B atoms and 32 O atoms). We
applied a temperature of 2500 K to the initial structure for
40 ps. In order to collect data, additional 1000 MD steps
were run. In order to see whether the temperature of
2500 K was high enough to produce the dynamics of a lig-
uid state, we calculated the mean square displacement
(MSD) shown in Figure 1 As can be seen from the figure,
above 130 fs, we had a linear behavior in the MSD and
calculated the diffusion constant D from the Einstein
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FIGURE 1 Mean square displacement of BgO at 2500 K

relation (< (H(H)—r(0))*> > = 6:D) to be ~1.75 x 10~* cm?/s
between 200 and 600 fs. We should note here that the
melting temperature of B¢O at ambient pressure is not
known yet because it decomposes beyond 2030 K.*° So
our liquid state at 2500 K is indeed a hypothetical liquid
state of B¢O at zero pressure. Then we reduced temperature
gradually from 2500 to 300 K in about 200 ps. Lastly, the
structure was optimized until the maximum force was smal-
ler than 0.01 eV/A. The ISAACS software*! was employed
to acquire some information about the BO systems at the
atomistic level. The VESTA program** was used to visual-
ize the structures.

3 | RESULTS

3.1 | Atomic structure

Figure 2 demonstrates the partial pair distribution func-
tions (PPDFs) for a-BcO, as well as the crystalline B¢O
and B,0j; structures, which can deliver important informa-
tion regarding the local structure of materials. An assess-
ment of the B-O and O-O correlation functions discloses
radical distinctions between amorphous and crystalline
BcO phases and some resemblances between a-BgO and
the B,O;3 crystal. The first peak of the B-O partial for
the B¢O crystal is placed at 1.51 A. This value is in good
agreement with the previous plane wave simulation result
of 1.50 A®¥ but slightly longer than the experimental
results of 1.43-1.47 A.'®* On the other hand, the mean
B-O distance of a-BgO is estimated to be 1.37 A, which
is rather shorter than that in the crystal structure (1.51 A)
but it is remarkably comparable with the B-O bond
length of 1.35 A formed in the B,Os crystal. The first
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FIGURE 2 Partial pair distribution functions of a-BgO, the B4O,
and B,0; crystals [Color figure can be viewed at wileyonlinelibrary.c
om]

0-0O peak shifts from 3.35 A in the crystalline BgO struc-
ture to 2.38 A in the amorphous form, signifying that O-
O packing in these two BgO phases is quite different. On
the other hand, the value obtained for the noncrsytalline
state is exactly equal to the one predicted for the B,O;
crystal (Figure 2). The shortening of B-O and O-O pair
correlations to those of B,Oj3 suggests the onset of poly-
merization of B—O units in the computer generated a-BcO
network. The mean B—B bond length estimated for a-BcO
is 1.75 A, which does indeed accord with the theoretical
values of 1.70-1.81 A** and the experimental predictions
of 1.68-1.83 A'® in the B4O crystal (the different B-B
bond distances in the crystal is due to the intericosahedral
and intraicosahedral bonds). The second and third peaks
of the B-B pair are located at 2.98 and 4.48 A corre-
spondingly. The position of first two peaks of the B-B
correlation is quite close to 1.76 and 2.99 A projected for
the crystalline B¢O phase while that of the third one is
reasonably off from 3.66 A produced in the crystal. The
location of first three peaks is also parallel to 1.80 A
(1.78 A), 2.93 A (3.15A) and 438 A (4.7 A) reported
for a-B (liquid B at 2600 K) in experimental studies*>*
and 1.78, 3.02 and 4.54 A produced for an a-B model
generated using an ab initio simulation.*’ It should be
noted the noticeable second and third peaks in the B-B
pairs, indicating the formation of a medium range order
in a-B¢O, which is possibly associated with the presence
of ideal or defective pentagonal pyramids and B, icosa-
hedral molecules in the amorphous network. The most
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FIGURE 3 Coordination distribution of the amorphous model

important outcome of the PPDFs analyses is that the
amorphous B¢O model carries structurally some features
of both B,O3 system and a-B.

In order to determine coordination number and distribu-
tion for each species, we use radii of 2.1 and 2.6 A, which
are the first minimum of the B-B and B-O correlation
functions, respectively. The coordination distribution of the
amorphous model is offered in Figure 3. From the figure,
one can perceive that B coordination ranges from two to
seven and the sixfold coordination is the most dominant
one with a fraction of about 55%. The second and third
dominant ones are threefold (17%) and fivefold (11%)
coordinations, respectively. This distribution yields a mean
coordination number of B atoms to be about 5.2, which is
comparable with 6 formed in the crystal. For the O atoms,
on the other hand,
privilege one with the frequency of 84%. The fraction of
threefold coordination is about 16%. The average coordina-
tion number of O atoms is 2.15, which is 3 in the BcO
crystal. On the basis of the coordination analysis, we con-
clude that the environment of O atoms in the amorphous
state is significantly different than that of O atoms in the
crystalline B¢O structure but might be similar to one
formed in the B,O;5 crystal (or glass) since they consist of
twofold coordinated O atoms.

twofold coordination is the most
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In order to identify the types of clusters formed around
B atoms, we use the Voronoi polyhedra approach.*® Vor-
onoi polyhedrons are represented by the indices (nz, ng,
ns, ng,...), where n; and Zni represent the number of i-
edge faces of a polyhedron and the coordination number,
correspondingly. In the crystalline B¢O phase, there is
only one type of polyhedron that is represented by the
<2,2,2,0> index and as expected it is the ideal pen-
tagonal pyramid-like clusters. On the other hand, we iden-
tify nine different polyhedrons for B atoms in the
amorphous configuration and the most dominant ones are
characterized by the < 2, 2, 2, 0 > (53%), and < 2, 3, 0,
0 > (10%) indices. Here, the < 2, 3, 0, 0 > type polyhe-
dron corresponds to incomplete pentagonal pyramid-like
structures. These two type clusters cause the construction
of perfect and imperfect B, icosahedrons in the boron
reach regions in the noncrsytalline network. From the
visualization of the model, we also detect the develop-
ment of a pentagonal bipyramidal type of cluster (B;) in
a-B¢O (Figure 4).

The amorphous model is further evaluated by the bond
angle distribution functions to have additional knowledge
about its local structure at the atomistic level. Figure 5
shows the distribution of angles and reveals severe distinc-
tions about the local structure of the amorphous and crys-
talline phases. The most obvious one is the presence of
O-B-O angles in the amorphous model contrary to the
crystal. The occurrence of these angles provides additional
support for the polymerization of B—O units in the non-
crystalline configuration while such units are isolated in
the crystal. The O-B-O distribution ranges from 100° to
130° and has two leading peaks at 115° and 120°. Also
the B-O-B angles have a large distribution ranging from
95° to 170° while these angles produce a sole peak at
120° for the crystal. The B-B-B distribution of noncrsy-
talline model, on the other hand, has two main peaks at
around 60° and 108° similar to the BgO crystal. These
peaks are produced by the intraicosahedral bonds of the
pentagonal pyramids. The sharp peak around 123° is gen-
erated by intericosahedral units in the crystal. Such a peak
is weakly presented in a-BgO because the ideal or incom-
plete pentagonal pyramid-like units are randomly linked to
each other.

3.2 | Electrical properties

The electronic structure of the B¢O phases is analyzed
by the total density of states (TDOS), partial density of
state  (PDOS), and participation ~ ratio

2

(PR(y;) = NZ?L“?‘/(Z?:W?) where y; = Z?’Zlaf‘d)i

49
).

inverse

is the kth eigenstate and N is the number of atoms
The computed TDOS for both crystalline and amorphous
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Amorphous B¢O relaxed

FIGURE 4 Pentagonal bipyramidal type of cluster (B;) in the
amorphous network. Liquid state at 2500 K and a-BgO [Color figure
can be viewed at wileyonlinelibrary.com]

states are provided in Figure 6. The HOMO-LUMO band
gap energy for the B¢O crystal is 2.47 eV in good
agreement with the earlier first principles GGA simula-
tion results of 1.9-2.4 eV.>>! This value however is
<2.93-3.0 eV estimated using the GyW, approxima-
tion.”'? For the amorphous state, the HOMO-LUMO
band gap energy is fairly small and about 0.51 eV. Since
the gap energy of the crystal is underestimated about a
factor of ~1.2, relative to the GoW, approximation, we
speculate here that a-BqO would have about 0.6 eV band
gap energy. The PDOS analysis of both forms of BgO
reveals that B-p states are dominant for both valance and
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FIGURE 5 Bond angle distribution functions of a-B¢O, B¢O,
and B,0; crystals [Color figure can be viewed at wileyonlinelibrary.c
om]

conduction bands, especially near the Fermi level. Yet
B-s states have some contribution to the conduction band
while O-p states have some contribution to the valence
band. These findings are consistent with the previous
simulations.”*"

The projected IPR is illustrated in Figure 7. The con-
duction tail states can be considered as localized states
because they present high IPR values whereas the valence
tail states are softly localized because they show low IPR
values. We can realize an asymmetric localization of the
band tail states and use it to distinct n-type and p-type dop-
ing for a-B¢0.*>>® The localization of the conduction tail
states might indicate that the shifting the Fermi level to the
conduction band would be harder than the shifting it to the
valance band and thus the p-type doping is more appropri-
ate than n-type doping for a-B¢O.

3.3 | Mechanical properties

We first compute the energy (E)-volume (V) relation for
the amorphous and crystalline phases using a variable cell
optimization technique and present them in Figure 8. In

200 T e ' T -
- Crystal — Total

150

8
2100

DOS

10 0 10 20 30
E (eV)

FIGURE 6 Total electron density of states (TDOS) and partial
density of state (PDOS) [Color figure can be viewed at wileyonlinelib
rary.com]

order to estimate their bulk modulus (K), and equilibrium
volume (V) and energy (Ey), we fit the E-V data the third-
order Birch-Murnaghan equation of states (EOS),

-]
()] () ]}

As understood from the Figure, the crystalline phase is
energetically more favorable than the amorphous one as
expected. From the fitting, the relative energy difference
between the amorphous and crystalline structures is esti-
mated to be about 0.35 eV/atom, signifying a high-energy
barrier between them. The equilibrium volume of the
crystal and noncrystalline phases is 7.64 and 9.62 Afatom,
respectively. Therefore, the crystal shows more compact
arrangement than the amorphous network. The K value for
the crystal is projected to be 231 GPa, which reasonably
agrees with the other results of 230-232 GPa’'>**> while it
is computed to be ~106 GPa for the glassy B¢O.

Since the Poisson's ratio (v) can be simply calculated from
the lateral strain (&jaera)—applied strain (g,pplicq) T€lation,

E(V)=E, K
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We compress uniaxially the simulation box along one
direction, set the other stress components to zero and esti-
mate both the lateral strain (epuera)—applied strain (eap-
plied) for each applied stress. The calculations are carried
out for the three principle axes and six values are obtained.
Some of our data for the applied lateral strain relation of
the amorphous model are provided in Figure 9. From the
linear fitting, we estimate the average the Poisson's ratio to
be ~0.14 for the crystal and ~0.18 for the amorphous state.
For the crystalline state, our estimation pretty agrees with
the earlier predictions of 0.147-0.15.43°

Since two elastic constants (K and v) are known, using
the following equation,

E =3K(1 - ).

We determine the Young modulus to be 498 GPa for
the crystal and 203 GPa for the amorphous phases. Again
our estimation for the crystal is parallel to the values of
480-482 GPa**>° reported in previous investigations.

We calculate the shear modulus (#) using the following
definition,

_E
T

Shear modulus of the BgO crystal is projected to be
227 GPa, agreeing with the available results of 207-
218 GPa****!%37 in the literature. For the amorphous
state the modulus is computed to be 86 GPa.

0.0012 ———78 —F————1——

0.0009

0.0006 -

Strain (Lateral)

0.0003 -

] |
-0.004 -0.002
Strain (Applied)

|
-0.006

FIGURE 9 The lateral strain (&jaera)—applied strain (gappiica)
relation [Color figure can be viewed at wileyonlinelibrary.com]

The Vickers hardness (H,) is another important mechan-
ical property of materials. Considerable efforts have been
devoted to resolve the relationship between H, and elastic
properties. These efforts have proven the influence of shear
and bulk modules on H, and offered some empirical rela-
tions. The first equation was proposed by Teter and indi-
cates a linear relation between H, and u as follows,5 8
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H, = 0.151p.

The second equation suggested by Chen>® shows a non-
linear equation

H, = 2(%)0'585—3(@31),

where n = K/u is called as the Pugh's ratio. Later, the
Chen's equation was revised by Tian et al®® since it leads
to negative values for materials having small H, values.
The improved version of this equation is given by,

1 1.137
H, = 0.92( ) (u)" 7%,

n

Form these three equations, the Vickers hardness is pro-
jected to be about 34 GPa (Teter), 43 GPa (Chen), and
41 GPa (Tian) for the crystal structure, comparable with
the experimental predictions of 38-45 GPa.’2-%43-31:54=57
For the amorphous phase, on the other hand, we compute
the Vickers hardness to be 13 GPa (Teter), 18 GPa (Chen)
and 17 GPa (Tian). So one can see a dramatic decrease in
the Vickers hardness by amorphization of B¢O.

4 | DISCUSSION

Accompanied by amorphization of BcO, we observe a sev-
ere transformation around O atoms. The mean coordination
number of O atoms changes from 3 to 2.15 and the B-O
and O-O separations are shortened such that their values
are comparable with those of B,O;. The shortened B-O
and O-O distances might be attributed to a decrease in the
coordination number of O atoms and the tendency of the
system to form O-rich regions in the amorphous model,
respectively. The visualization of the systems proposes the
formation of B- and O-rich regions in the hypothetical lig-
uid and amorphous states (Figure 4). Comparable B-O and
O-0 separations, the bond angle distribution function, and
the coordination number of O atoms with respect to those
of B,Os5 indicate that O-rich structurally similar to the
B,0; system. For the B-rich regions, on the other hand,
the first three-peak position of the B-B correlation is quite
analogous to those of a-B. Consequently, we suggest that
B-rich regions show structurally characteristics of a-B.
These observations do indeed accord with the high-pressure
experiment in which an amorphous state consisting of a-B
and a-B,0; was observed during the pressure release. ™
The presence of such phase separations requires thermo-
dynamically some long-range diffusion of B and O atoms.
This happens in the hypothetical liquid state at 2500 K
(Figure 4). Such phase separations are maintained during
the fast solidification process. It should be pointed out
here that at ambient pressure and temperatures, B¢O

decomposes*” but at high pressures it can be melted.®’ The
experimental studies reveal that the fast quenched liquid
state of B¢O at a pressure of 5.8 GPa and a temperature of
2710 + 40 K, can lead to the formation of rhombohedral B
and B,O; crystals while a slow quenching rate yields the
crystallization to BeO,°' indicating a high-energy barrier
for the formation of the B¢O crystal. These observations
suggest possible phase separations in the liquid phase of
B4O at high pressure(s) as well and hence support our find-
ings.

The amorphization causes a dramatic volume expansion
in BgO. The physical origin of the volume swelling is
mainly associated with the formation of open structured
B,Os-like structure. We believe that the open structured
regions are responsible for the dramatic change (softening)
in the elastic properties of a-BcO as well, relative to the
B¢O crystal. Nonetheless the Vickers hardness of a-B¢O is
still high and thus it can be classified as a hard material.

Another fascinating observation is the development of a
B, molecule in a-BgO. The formation of such a molecule,
the best of our knowledge, has not been observed in
boron-based amorphous and crystalline materials including
a-B. Yet the B;H; type cluster can be experimentally syn-
thesized.®> What favors the formation of the B; molecule is
not clear but the presence of a phase separation might be
responsible for it.

Finally we have to underline here that all predictions of
the present work are based on a pure stoichiometric 224
atoms model. Depending on the preparation techniques, O
deficiency, impurities etc. a-B¢O can be fabricated with
distinctive local structure and hence different mechanical
and electronic properties.

5 | CONCLUSIONS

A detailed analysis of the structural arrangements, elec-
tronic characters, and mechanical properties of a-B¢O has
been carried out using an AIMD technique. The amorphous
model is generated from the rapid solidification of the
hypothetical melt of BgO at ambient pressure and consists
of B- and O-rich regions. The B-rich regions show the fea-
tures of a-B while the O-rich regions present the character-
istics of B,05. In the B-rich domains, the formation of
complete and incomplete B, molecules is perceived. In
addition to the By, molecules, we also perceive the devel-
opment of a pentagonal bipyramid (B;) molecule. The
amorphous phase has a rather small band gap energy rela-
tive to the crystal. The p-type doping is recommended to
be more suitable than the n-type doping in a-B¢O due to
the localized conduction tail states. The bulk modulus and
Vicker's hardness are noticeably decreased by amorphiza-
tion, which is attributed to the construction of open struc-
tured B,O3 domains.
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