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Using ab initio molecular dynamics simulations, an amorphous silicon triboride (a-SiB3) network is generated
and its atomic structure, electronic features and mechanical properties are compared with those of the crystal.
The average coordination number of B and Si atoms in a-SiB; is found as 5.8 and 4.6, correspondingly, close to
6.0 (B atom) and 5.0 (Si atom) in the crystal. A careful investigation reveals partial structural similarities around
B atoms but not around Si atoms in both phases of SiBs. The presence of B;,, B;1Si and By, molecules is witnessed

in a-SiBs. The last two molecules, however, do not exist in the crystal. a-SiBs is a semiconducting material. The
bulk modulus of the ordered and disordered structures is projected to be 151 GPa and 131 GPa, respectively. The
Vickers hardness of a-SiBj is calculated to be ~13-15 GPa, less than ~20-25 GPa estimated for the crystal.

1. Introduction

Boron (B), a III-A group element, is a trivalent metalloid showing
both metal and non-metal characteristics and has drawn considerable
attention due to its unique/complex structures and properties [1]. B can
have a rich variety of compounds [1] and form a strong covalent bond
with other elements because of sp> hybridization and its small radius
[2,3]. B compounds such as BN, BC, BO, BMg, and BSi are extensively
used as engineering materials for various purposes more than a century
because of their interesting and unusual properties [4,5,6]. Among
these compounds, silicon borides or boron silicides (BSi) have drawn
considerable attention on superconductivity in the thermoelectric de-
vices [4,5,7,8].

Moissan and Stock performed the first original study on BSi systems
in 1900 [9] and were able to prepare two different crystalline borides,
silicon triboride (c-SiB3) and silicon hexaboride (c-SiBg), by fusion of
the elements. In 1955, Samsonov and Latysheva were able to fabricate
the c-SiBj single phase by means of the hot pressing at temperatures of
1873-2073 K [10]. According to Samsonov and Latysheva's study [10],
c-SiB3 was available if the samples contained between 21 mol% and 27
mol% of Si. The invariant reaction for the SiB; crystal was also reported
in the literature [11,12]. In a different study, (3-SiB; was proposed as
the alternative orthorhombic phase of SiB3 [13].

Noncrystalline SiB materials having a wide range of B and Si con-
centrations were synthesized using different experimental protocols
[14,15,16,17,18,19]. Amorphous B,Si;, (0 < x < 1) systems were
produced by radio frequency (rf) plasma decomposition of silane-di-
borane gas mixtures [14]. Si-rich amorphous SiB binary compounds
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having B content ranging from O to 40% at var-
ious temperatures between 25-700 °C [15] and from 1% to 50% at
temperatures of 400-520 °C were fabricated by low pressure chemical
vapor deposition (LPCVD) method [16]. Besides, amorphous BSi films
with Si/B atomic ratios of 1/9, 2/8, 3/7, 4/6 and 5/5 were manu-
factured by pulsed laser deposition process [17]. B-rich SiB materials
having B concentration in the range of 90.0-97.0% were synthesized by
arc-melting and spark plasma sintering protocol [18]. As expected, the
optical band gap of B-rich amorphous SiB materials increases with
decreasing B content [17]. It appears that when B concentration is
higher, the oxidation of Si and B components in the amorphous SiB
alloys is faster in compared to both Si and B crystals [19].

Boron rich amorphous SiB systems have suitable properties such as
high hardness and high-temperature stability and hence are expected to
have applications as high-temperature thermoelectric materials
[14,20]. However, a clear atomistic level description of these alloys is
not available in the literature. In order to better understand these ma-
terials, perhaps as a first step, the amorphous form of the SiB crystals
should be modelled and compared with its crystalline counterpart
whose the structure and properties are known. To our knowledge, the
amorphous state of SiB; (a-SiB3) has not been investigated so far. The
aim of the present work is to determine the microstructure and the
mechanical and electrical features of a-SiBs, to associate them with
those of the crystal and to make some contributions to the literature. In
particular, we would like reveal whether the amorphous state is as
useful as the crystal and offers some practical applications in tech-
nology.
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2. Computational method

The molecular dynamics (MD) calculations were achieved by the
SIESTA ab initio code [21] that is based on the density functional
theory (DFT). The pseudopotentials were established by the Troul-
lier-Martins scheme [22]. The double zeta basis set was chosen for the
valence electrons and the I' point was used for the Brillion zone in-
tegration. The exchange correlation energy was due to the PBE-GGA
method [23]. The isothermal-isobaric (NPT) ensemble was constituted
to perform the MD simulations. Each MD time was set to 1.0 fs. The
temperature applied was controlled by the velocity scaling and the
volume of the supercell at ambient pressure was adjusted by the Par-
rinello-Rahman technique [24] having a fictitious mass of 20.0 Ry.fs?.
Our simulation box had randomly distributed 200 atoms (150 B atoms
and 50 Si atoms) and its initial density was 2.0219 g/cm?®. The supercell
was subjected to a temperature of 2000 K for around 40 ps. The density
of the system increased to a value of 2.2198 g/cm? in less than 5.0 ps
and it fluctuated slightly between 2.1717 and 2.2198 g/cm? in the rest
of the simulation time at 2000 K. The melt was then slowly quenched to
300 K by using a cooling rate of 2.0 x 10'2K/s. At room temperature, it
was additionally equilibrated for 2.0 ps and the resulting structure was
optimized using a conjugate gradient method. For the optimization, the
force criterion was set to be 0.02 eV/A. The density of the relaxed
amorphous phase was 2.2941 g/cm®, which is marginally less than
2.4341 g/cm® predicted for the crystal, as expected because most
amorphous states have a lower density than their crystalline counter-
parts. Our value for the crystal is slightly less than the experimental
prediction of 2.47 g/cm® [25] and the theoretical value of 2.45 g/cm®
[26] based on a plane wave calculation.

3. Results
3.1. Atomic structure

The microstructure of the ordered and disordered SiB3 phases illu-
strated in Fig. 1 is firstly compared by the partial pair distribution
function (PPDF) analysis given in Fig. 2. The first neighbor B-B se-
paration of the amorphous model is located at 1.76 A that is fairly close
to 1.77 A in the crystal. Additionally, this value is comparable with
experimental result of 1.78 A reported for amorphous B [27]. The
second peak of the B-B correlation is positioned at 2.97 A, which is
again objectively parallel to 2.95 A in the crystal and 3.02 A in amor-
phous B [27]. Consequently, based on these results, we can propose that
the distribution of B-atoms in the noncrystalline state is comparable
with that of B-atoms in the crystal and even in amorphous B. The first
two peaks of B-Si pair of a-SiB; are at 2.04 A and 3.34 A, respectively.
They are again analogous to 1.99 A and 3.34 A in the crystalline phase.
Our B-Si distance is also akin to the experimental values of 1.89-1.94 A
reported for the Si3B crystal [28]. The Si-Si bond distance is estimated
to be 2.38 A for a-SiB; and 2.57 A for ¢-SiB3. So, an obvious decrease in
the Si-Si bond separation is perceived by amorphization, which might
be the indication of the formation of different type of Si motifs in both

(a) (b)
Fig. 1. (a) Amorphous and (b) crystalline forms of SiBs.
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Fig. 2. Partial pair correlation functions (PPDFs) of c¢-SiB3 and a-SiB3, which are
plotted using Gaussian smoothing factor of 0.05. Also, to clearly compare both
structures, the intensity of PPDFs of the crystal is scaled.

phases.

In order to determine the type of configurations formed in the short-
range order of both phases, we estimate their partial coordination
numbers using the first minimum (B-B = 2.35 f\, B-Si=2.62 10\, Si-
Si=2.88 A for the amorphous and B-B = 2.37 i\, B-Si=2.62 ;\, Si-
Si=2.78 A for the crystal) of the PPDFs. The mean coordination number
of B and Si atoms in the amorphous state is found as 5.8 and 4.6, re-
spectively, which are very close to 6.0 (B atoms) and 5.0 (Si atoms) in
the crystal. As shown in the Fig. 3, the most common unit for B atoms is
sixfold-coordination with a frequency of about 61%. The fraction of
fivefold- and sevenfold-coordination for B atoms is 20.7% and 12.7%,
correspondingly. On the other hand, the most privileged motif for Si
atoms is fourfold-coordination having a frequency of 52%. Si atoms
present a nonnegligible amount of fivefold-(24%) and sixfold-(20%)
coordination as well. Accordingly, one can see here that Si atoms have a
tendency to form fourfold instead of fivefold coordination.

The coordination analysis provides useful information at the ato-
mistic level but does not offer a depth understanding of the local
structure of the amorphous network. Such an understanding can be
attainable by the chemical environmental analysis. Table 1 presents the
chemical distribution of each species. According to the Table, B-Bg
(27.33%) and B-BsSi (26.67%) type of clusters are the key units around
B atoms in a-SiB;. Indeed, they are the main building motifs of the
crystal having frequencies of 33.33% and 66.67%, respectively. In ad-
dition to them, a visible number of B-B,, B-B3Si, and B-B,Si motifs is
perceived in the amorphous configuration. Thus, it can be concluded
here that the formation of B-BsSi is less favorable in the amorphous
state than in the crystal and approximately 50% of B atoms in the
noncrystalline network have the arrangements, analogous to those of
the crystal. For Si atoms, Si-BSiz (24%) and Si-B,Si> (16%) units are
found as the most dominated ones in the a-SiB; model. Besides, Si-
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Fig. 3. Coordination distribution in a-SiBs.
Table 1
Chemical distribution in a-SiBs. CN is the coordination number.
CN B atom CN Si atom
3 B,Si 0.67% 3 B,Si 2.00%
4 B3Si 2.00% 4 BSi3 24.00%
4 B4 1.33% 4 B,Siy 16.00%
4 Siy 0.67% 4 B5Si 2.00%
5 BSi4 1.33% 4 B4 4.00%
5 B,Sis 1.33% 5 BSiy 2.00%
5 B5Si, 8.67% 5 B,Si; 4.00%
5 B,Si 8.00% 5 B3Sisy 10.00%
5 Bs 2.00% 5 B,Si 8.00%
6 B3Si3 2.00% 5 Bs 2.00%
6 B4Siy 5.33% 5 Sis 2.00%
6 BsSi 26.67% 6 BsSis 8.00%
6 Be 27.33% 6 B,Siy 6.00%
7 BeSi 2.00% 6 BsSi 2.00%
7 B, 10.00% 6 Be 2.00%
8 B,Si 0.67% 7 B3Siy 2.00%
7 BsSiy 4.00%

B3Si,, Si-B3Sis, Si-B4Si and Si-B4Si, type of structures having a low
fraction are also presented in the disordered structure. On the other
hand, c-SiB3 consists of only Si-B,Si; type of motif and such a motif does
indeed barely exist in the amorphous network, implying that the che-
mical environment of Si atoms in a-SiBs does not coincide with that of
c-SiB3. On the basis of these findings, one can conclude here that al-
though the average coordination of a-SiB3 is comparable with that of
the crystal, its local structure marginally resembles to that of the
crystal.
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In order to reveal similarities/distinctions between two phases in
details, we perform the Voronoi polyhedral investigation. The cutoff
radii used in the coordination and chemical distribution analyses are
adopted for this investigation as well. A Voronoi polyhedron, a three
dimensional solid figure having many plane faces, is symbolized by
indices <3, ly, I5, lg, ...> where [; represents the number of i-edge faces of
a polyhedron and ¥ ; is its total coordination number. In the crystal, B
atoms form just one type of cluster represented by <2,2,2,0> index,
which is the pentagonal pyramid-like unit. In the amorphous state, B
atoms structure largely in the <2,2,2,0> type of configuration with a
fraction of 59% as well. Additionally, an incomplete pentagonal pyr-
amid-like unit having <2,3,0,0> (19%) index appear in the amorphous
phase. Consequently, most B-atoms form a polyhedron similar to one
formed in the crystal. On the other hand, Si atoms create only <2,3,0,0>
type polyhedron in the crystal while they construct the <2,2,2,0> (20%),
<2,3,0,0> (22%) and <4,0,0,0> (46%) kind of arrangements in the
amorphous network. So, tetrahedral configuration appears to be the
dominated one for Si atoms. Perhaps, the most interesting finding is the
presence of a nonnegligible amount the pentagonal pyramid-like units
<2,2,2,0> around Si-atoms in the amorphous state. A close analysis
reveals that the pentagonal pyramid-like configurations of B and Si
atoms lead to the formation of the B;5, B;,Si and B,y molecules (see
Fig. 4) in the noncrystalline state. It should be noted that last two
molecules are not presented in the crystal.

Bond angle distribution examination given in Fig. 5 might provide
extra information about the model at the atomistic level. The analysis
exposes apparent differences between two forms of SiB; considering
their atomic structure. The most noticeable difference is the presence of
a broad Si-B-Si distribution in a-SiB3 contrary to the crystalline state.
The B-B-B distribution has two principal peaks at around 60° and 107°
for both amorphous and crystal structures. These angles are due to the
intraicosahedral bonds of the pentagonal pyramids (B;5 icosahedrons).
The B-Si-B angles for the amorphous model produce a broad distribu-
tion changing from 40° to 150°, quite different than sole angle of around
117° in the crystal. It should be noted that this distribution is someway
similar to that of the B-B-B angles since some Si atoms have a trend to
create the pentagonal pyramid-like structures. The amorphous system
has a wide Si-Si-Si angle distribution ranging from 50° to 150° while the
crystalline phase has three peaks at 60°, 90° and 120°. All these findings
support only partial similarities, particularly around B atoms, in both
phases of SiBs.

3.2. Electrical properties

c-SiB3 is a semiconducting material having a GGA band gap of about
1.4 eV [26]. In order to see how amorphization affects on the electronic
structure of SiB; and to uncover if the amorphous form can serve as an
electronic material, we study its electron density of states (EDOS) and
partial electron density of states (PDOS) and compare them with those
of the crsytal. The EDOS of the amorphous and crystalline phases is
depicted in Fig. 6. According to the EDOS analysis, both structures
exhibit a semiconducting behavior. The HOMO-LUMO band gap energy
of the amorphous and crystalline states is found to be 0.2 eV and
1.86 eV (that is slightly higher than the GGA result of 1.4 eV [26]),
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Fig. 4. B;,, B1;Si and By molecules formed in a-SiBs.
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Fig. 5. Bond angle distribution of a-SiB3 and c-SiBs.

correspondingly. The gap value predicted for amorphous phase appears
to be reasonable considering the experimental values of 0.5-0.75 eV
reported for B-rich amorphous BSi materials [17] in spite of under-
estimation of the band gap in DFT-GGA simulations. PDOS given in
Fig. 6 can offer more information regarding the electronic structure.
Fig. 6 reveals that the most dominant states for both conduction and
valence bands are B-p electrons, similar to what has been reported in
the earlier study [29], while the other states have a minimal effect to
the bands near the Fermi level.

3.3. Mechanical properties

The practical applications of a material commonly require the
knowledge on its mechanical properties. In this section we study the
mechanical properties of both structures of SiB; and compare them in
details. Firstly, we focus on the bulk modulus (K) which can be easily
estimated by fitting the energy (E)-volume (V) relation of the amor-
phous and crystalline phases (Fig. 7) to the third-order Birch-Murna-
ghan equation of states,

ror=se S e G ] -2

where the subscript "0" refers the equilibrium values and K’ = dK/dP
and P is pressure. The K value is found to be ~131 GPa for the amor-
phous network and ~159 GPa for the crystal. Consequently, a slight
decrease in bulk modulus is experienced in SiB3 by amorphization,
which is anticipated because of the disordered nature of a-SiB;, Our K
value is found to be comparable with 171.2 GPa estimated for c-SiB3
[29].

In order to estimate Young's modulus (E), defined as the resistance

DOS

DOsS

E (eV/atom)
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of a material to elastic deformation under loading, a uniaxial stress is
applied along the principle axes (x, y and z) of the SiB; phases while the
other stress components are set to be zero. Both the simulation cell
parameters and the atomic coordinates are permitted to relax. From the
stress (0) — strain (&) relation;

E= Oaxial

Eaxial

the average E is calculated as 310.8 GPa for the crystal and 211.8 GPa
for the amorphous network. The Young modulus of the amorphous
phase is noticeably smaller than the crystal meaning that the amor-
phous form is more elastic than the crystal. We should point out here
that our value for c-SiB3 precisely overlaps with the earlier theoretical
prediction [29].

Using the following definition,

1 E

T2 &K
the Poisson ratio is projected to be as 0.23 for the amorphous phase and
0.17 for the crystal, close to the earlier estimation of 0.2 [29].
We calculate shear modulus (u), the modulus of rigidity, re-
presenting the resistance to plastic deformation,

E

K= 0+

to be around 86 GPa for a-SiB; and 132.4 GPa for the crystal, com-
parable with the previous theoretical result of 129.8 GPa [29]. Note
that the smaller y value of the amorphous form indicates that it is more
flexible than the crystal.

By using three different equations [30,31,32]

H = 0.151u
# 0.585
H= 2(—2) — 3(GPa)
n
and
1 1.137
H= 0.92(—) (u)0708
n

the Vickers hardness is predicted to be 13.3-14.2 GPa for the amor-
phous state and 20-25 GPa for the crystal. So, one can see that amor-
phization leads to a substantial decrease in the Vickers hardness.

From the Pugh's ratio (n = K/u), it is possible to predict the brittle
or ductile behavior of a material. 1.75 is accepted as a critical value for
n. If n is bigger than 1.75, the material is classified as a ductile solid. If n
is smaller than 1.75, it is classified as a brittle solid. n is calculated as
1.53 for a-SiB3 and 1.2 for c-SiBsz. Subsequently, both phases present a
brittle character but the amorphous form will show better performance
of resistance to stress cracking than the crystal since the higher Pugh's
ratio means less brittleness.

4. Conclusions

The microstructure, electronic structure and mechanical features of
an a-SiB3 network created using ab initio MD calculations are compared
with those of the crystalline phase. In the amorphous state, Si and B
atoms have the mean coordination numbers of 5.8 and 4.6, corre-
spondingly, comparable with 6.0 (B atom) and 5.0 (Si atom) in the
crystal. The local structure of a-SiB3 is found to be partially parallel to
that of the crystal. Specifically, partial structural similarities around B
atoms are observed in both phases of SiB;. However, such similarities
are not detected around Si-atoms. The occurrence of B;,, B;;Si and By
molecules is observed in a-SiB; but the last two do not form in the
crystal. a-SiBs presents a semiconducting behavior but its energy band
gap is noticeably less than that of the crystal. The bulk modulus is
projected to be 131 GPa for the amorphous configuration and 159 GPa
for the crystalline state. The Vickers hardness of a-SiBj is calculated to
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be around 13-15 GPa, less than 20-25 GPa estimated for the crystal. So
amorphization significantly influences the atomic structure, electronic
properties and mechanical features of SiBs. Yet, different preparation
techniques such as irradiation, mechanical milling, and high pressure
(some B rich materials can transform to amorphous state at high pres-
sure) might lead to an amorphous network with a distinct local struc-
ture and of course the distinct microstructure may result in different
electrical and mechanical properties. Therefore, additionally studies
using different preparation protocols are needed to better understand a-
SiBs.
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