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Abstract

Context By means of ab initio molecular dynamics simulations, possible boron-rich amorphous silicon borides (B,Si,_,,
0.5 < n £0.95) are generated and their microstructure, electrical properties and mechanical characters are scrutinized in
details. As expected, the mean coordination number of each species increases progressively and more closed packed struc-
tures form with increasing B concentration. In all amorphous models, pentagonal pyramid-like configurations are observed
and some of which lead to the development of B, and B ,Si icosahedrons. It should be noted that the B,,Si icosahedron
does not form in any crystalline silicon borides. Due to the affinity of B atoms to form cage-like clusters, phase separations
(Si:B) are perceived in the most models. All simulated amorphous configurations are a semiconducting material on the basis
of GGA+U calculations. The bulk modulus of the computer-generated amorphous compounds is in the range of 90 GPa to
182 GPa. As predictable, the Vickers hardness increases with increasing B content and reaches values of 25-33 GPa at 95%
B concentration. Due to their electrical and mechanical properties, these materials might offer some practical applications
in semiconductor technologies.

Method The density functional theory (DFT) based ab initio molecular dynamics (AIMD) simulations were used to gener-
ate B-rich amorphous configurations.

Keywords Boron-rich - Silicon borides - Amorphous - Ab initio

Introduction

The boron-silicon (BSi) binary compounds have drawn sub-
stantial attentions for many years. The existence of these com-
pounds was recognized more than one century ago. However,
there are still unknows and controversies about them. The
first reports dated back to the study of Moissan and Stocks
in 1900s in which silicon triboride (c-SiB5) and silicon hexa-
boride (c-SiBy) were ferreted out in the crystalline form by
the technic of fusion of elements [1], but no information was
provided about their crystal structure. Later, c-SiB5, as a sin-
gle crystal phase having a tetragonal symmetry, was affirmed
with the hot-pressing method between 1873 and 2073 K by
Samsanov and Latisheva in 1955 [2]. In 1956, Zhuravkev
proposed that c-SiB¢ had a structure resembling to the cubic
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compound of CaB, [3]. However, the later investigations on
SiB did not validate the cubic crystal, and as an alternative,
they proposed an orthorhombic structure [4-8]. The crystal-
line silicon tetraboride (c-SiB,), a more well-known B-Si
binary compound, was fabricated in different experiments in
1960 [9-11]. Yet, the presence of a cubic form of c-SiB, and
its quality and impurities were questioned in other studies
[12—14]. In spite of a few published data [2, 15, 16], its physi-
cal and mechanical properties remained unknown until 1989
at which Tremblay and Angers discovered an interesting and
effective technic to produce SiB, powders [17] and revealed
its physical (porosity, specific density, and microstructural
aspects) and mechanical properties (elastic modulus, flexural
strength, and Vickers microhardness) in details. [18]. In sum-
mary, there are three different types in the phase diagram of
B-rich crystal binary compounds, which are referred as c-SiB;
(and/or SiB,), c-SiBg, and c-SiB,, [19].

B-rich molecules or solids have an important significance
in physics, chemistry, and materials science due to their
remarkable properties. The main characteristic of icosahe-
dral B-rich systems, for example, B,C, SiB;, B4O, and SiB;
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[20-24], is composed of the a-rhombohedral phase of B
(a-B,) and their arrangements [25, 26]. These solids show
superb thermoelectric performance and resist to high melt-
ing temperatures up to 2400 °C [26]. For this reason, they
are referred as very stable refractory materials having high
melting temperatures [25]. Moreover, they have a low mass
density, splendid hardness, good chemical inertness, adjust-
able semiconducting aspects, high elasticity modulus, high
mechanical strength, and high stability in oxygen [27-30].

Both Si-rich and B-rich noncrystalline solids can be eas-
ily synthesized. The first amorphous semiconducting B, Si, _,
(0 < n < 1) alloys were prepared by the rf (radio frequency)
plasma decomposition of SiH,-B,H, gas mixtures in 1979
[31]. In this research, the infrared vibrational modes, the opti-
cal absorption, the electrical conductivity, the spin resonance,
and the hydrogen content (between 10 and 45% hydrogen)
of these films were analyzed [31]. In 1983, amorphous B-Si
alloys with 0—40% B concentrations were generated by low-
pressure chemical vapor deposition (LPCVD) technique, and
their thermal oxidation was examined [32]. In a different
experiment (in 1993), amorphous B,Si;_, (0 < n < 1) thin
films were easily produced by the LPCVD method as well,
and the impacts of Si incorporation on their structural modifi-
cations were explored [33]. Si-rich-disordered BSi alloys with
1-50 at. % B were produced by the LPCVD, and the change
in optical band gap was studied [34]. A few years later, the
same group prepared Si-rich amorphous BSi materials with
0-25 at. % B, and their oxidation at temperatures of 25-600
°C was qualitatively explored [35]. B-rich BSi compounds
having 90-97% B contents were fabricated by the arc-melting
and spark plasma sintering, and the thermoelectric properties
and the effects of phase composition and microstructure on
the thermoelectric properties were explored [36]. In the last
study, B-rich B-Si films by the pulsed laser deposition (PLD)
technique with different B/Si ratios were prepared, and the
change in band gap energy was projected from the optical
absorption spectrum of the films [37]. The authors deduced an
increase in the band gap with decreasing B concentration [37].

According to our literature review, amorphous BSi binary
compounds (B,Si,_,,, 0.5 <n <0.95) are still one of inadequately
known B-involving solids as semiconductors and refractory
materials because no extensive investigation has been carried
out to understand their structure at the atomistic level and their
electrical and mechanical properties so far. This paper reports a
detailed examination of B-rich amorphous SiB with 50-95 at. %
B to provide valuable information about their features.

Computational method
In order to create B-rich amorphous models, the density

functional theory (DFT)-based ab initio molecular dynamics
(AIMD) simulations were used [38]. The pseudopotentials
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were due to the Troullier-Martins approach [39]. The DZ basis
sets were selected for the valance electrons, and the I" point
was chosen to sample the Brillouin zone. The exchange corre-
lation energy was estimated via the Perdew-Burke-Ernzerhof
(PBE)-generalized gradient approximation (GGA) [40]. To
execute AIMD simulations, the NPT (i.e., isothermal-iso-
baric) ensemble was preferred. The velocity scaling method
was used to control temperature, and the Parrinello-Rahman
technique [41] with the fictitious mass of 20.0 Ry.fs*> was
used to control pressure. Periodic boundary conditions were
applied in the simulations. In an MD simulation, a small-time
step is more desirable to accurately sample highest frequency
motion; its typical value is 1.0 fs, and hence, in the current
study, this typical value was used. Since 200 atom models are
fair enough to capture the short-range order of amorphous
networks, we used a 200 atoms-BN melt having almost no
chemical disorder as starting structure and contracted our
By 5Sig 5 configuration (100 B atoms and 100 Si atoms) by
replacing N atoms with Si atoms. Then, B atoms were ran-
domly substituted with Si atoms until the structure reached
to certain B contents. In this way, we created ten different
configurations ranging from 50 to 95% B contents. Each initial
structure was thermalized at a different temperature according
to BSi phase diagram [42]. The lowest temperature (1800 K)
was applied to 50% B content while the highest one (2300 K)
was applied to 95% B content for 30 ps. The melts were then
slowly quenched to the room temperature in 75.0-100.0 ps.
By using the conjugate gradient method, the final structures at
300 K were optimized such that the greatest forces on atoms
are smaller than 0.01 eV/A. In addition to these amorphous
configurations, we also studied c-SiB; and c-SiB, to compare
their features with those of the amorphous models. In order
to accurately estimate the band gap energy of the amorphous
structures, we performed the GGA+U calculations. In order to
evaluate the Hubbard potential U, we focused on the Bs,Sis,
model because the band gap was estimated about 0.8 eV for
the Bs,Sis, thin film [37]. The Hubbard potentials U = 8.0
eV for B-p state and U = 7.0 eV for Si-p state were found to
produce about 0.8 eV band gap energy for our B,Sis; model,
and hence, we used these two parameters for all other amor-
phous configurations to predict their electronic structure. The
optimized structures were used for the structural analysis and
the estimation of the electirical and mechanical properties.

Results
Atomic structure

The partial pair distribution functions (PPDFs)

First, we probe the amorphous configurations using the par-
tial pair distribution functions (PPDFs) since PPDFs can
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offer valuable information about their microstructure. The
PPDFs of some models generated are depicted in Fig. 1.
All PPDFs exhibit classic characteristics of an amorphous
network such that they all show a well-defined short-range
correlation but not long-range ones. In order to reveal the
influence of B content on the average B-B, B-Si, and Si-Si
bond separations, the position of first maximum peak in all
correlations is studied and plotted in Fig. 2. The B-B bond
length is projected to be in the range of about 1.76—1.77 A,
implying that the change in B/Si composition has almost no
effect on this bond length. One might expect to see a cumu-
lative trend in the B-B separation with increasing B concen-
tration because the mean coordination number of B atoms
rises with increasing B content (see below). Indeed, B atoms
have a strong tendency to form the pentagonal pyramids
(B) and hence B, molecules. In the amorphous configura-
tions, the B-B bonds mainly involve pentagonal pyramid-
like motifs. As B content increased, more pyramid-like units
form, and hence, a noticeable change in the B-B separation
is not observed. For c-SiB; and c-SiB,, the B-B bond sepa-
ration is computed to be 1.77 A and 1.82 A, respectively.

%

B-Si g(r)
?

Si-Sig(r)

r(A)

Fig. 1 The partial pair distribution functions (PPDFs) of some com-
puter-generated BSi amorphous models relaxed using the conjugate
gradient technique. PPDFs are plotted using a Gaussian smooth-
ing factor of 0.05. It should be noted that Si-Si bonds do not form in
a-BysSis

1.77

B-B (A)

1.76

210

B-Si (A)
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Fig.2 The computed bond length of B-B, B-Si and Si-Si pairs vs B
concentration

When the previous experimental and theoretical studies on
the crystalline BSi materials are considered, the estimated
range for B-B bond is well-comparable with the values of
1.75-1.90 A in ¢-SiB, 5 (the monoclinic symmetry) [43],
1.74-1.92 A in ¢-SiB; (the triclinic symmetry) [43], 1.792
Ain c-SiBj; (the orthorhombic symmetry) [44], 1.84 Ain
c-B, goSi [12], and 1.77-1.85 Ain c-SiBg¢ [8]. The average
B-Si bond distance slightly fluctuates between 2.04 and 2.07
A, again, suggesting no strong influence of B content on
this bond length as well. The B-Si bond length is computed
to be 1.99 A for ¢-SiB; and 2.01 A for ¢c-SiB,. Our predic-
tions are quite comparable with the earlier experimental and
theoretical results of 2.02-2.22 A in ¢-SiB, 5 (the mono-
clinic symmetry) [43], 2.00-2.22 Ain c-SiB; (the triclinic
symmetry) [43], 2.02-2.17 A in ¢-SiBy [8], and 2.002 A in
c-B, 4951 [12]. As regards to the mean Si-Si bond separation,
it is in the range of 2.38 to 2.42 A. The change in this bond
distance, again, is not too drastic. The average Si-Si bond
length from our simulation is 2.57 A for c-SiB5 and 2.15 A
for c-SiB,. The Si-Si bond separation obtained in the present
work is slightly longer than 2.33 Ain c-SiB, 5 (the mono-
clinic symmetry) [43], 2.36 Ain c-SiB; (the triclinic sym-
metry) [43], 2.12-2.21 Ain c-SiBg [8], and 2.35-2.36 Ain
c-Si [45]. We should note here that there is no Si-Si bonding
at 95% B content, and hence, the peak in the PPDFs around
3A corresponds to the second neighbor coordination shell.
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The coordination number

The mean coordination numbers are indeed one of the key
parameters for amorphous materials. By using the first mini-
mum of PPDFs (2.34-2.37 A for the B-B pair, 2.54-2.62 A
for the B-Si pair, and 2.82-3.02 A for the Si-Si pair depend-
ing upon B concentration), the coordination numbers are
estimated, and their variation as a function of B content is
illustrated in Fig. 3. The trend in B and Si coordination is
similar, and they increase with increasing B/Si composi-
tion. The coordination for B atom changes from 5.49 to 6.18
while that of Si atom changes from 4.29 to 5.6 with increas-
ing B content. We should note that the value of 6.18 for B
atom is comparable with 6.3 in amorphous B [25]. We also
note here that the mean coordination number of B atom in
amorphous SiB; and SiB,, about 5.8, is comparable with
6 in their crystalline counterpart. Additionally, the aver-
age coordination number (about 4.6) of Si atom in a-SiB;
is close to 5.0 in c-SiB; while the noticeable deviation in Si
coordination (4.7) is observed in the amorphous SiB, phase,
compared to 3.3 in c-SiB,. It should be noted here that the
coordination numbers estimated depend on the cutoff dis-
tances used, and hence, we do expect some minor errors in
these coordination numbers (Fig. 3).

Boron
6.2 | -

6.0 -

._./l

o
©
T

o
-}
T

o
ES
T

Silicon

o
u
T

i
-t

Coordination Number

o o
NS
1 1

>
©
T

4.5 |-

S

50 60 70 80 90 100
Boron Concentration (%)

42 |-

Fig.3 B content dependence of average coordination number of B
and Si atoms
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As seen from Fig. 4 at 50% B content, the structure consists
of mainly fourfold coordinated Si atoms (77.0%) and sixfold
coordinated B atoms (56.0%). The fraction of fivefold and six-
fold coordinated Si atoms is ~12% and 8%, correspondingly.
These higher coordinated Si atoms mainly involve pentago-
nal-like configurations. On the other hand, the frequency of
fourfold and fivefold coordinated B atoms is about 16.0% and
22.0%, respectively. The tetrahedral coordination of B and Si
atoms decreases with increasing B/Si composition, but it does
not diminish even at the highest B concentration. Parallel to
this decrease, the fraction of 5- and 6-fold coordinated motifs
for Si atom increases gradually whilst fivefold coordination
for B atoms decreases. Some models also present negligible
amount of 3-fold and 8-fold coordinated Si atoms.

The bond angle distribution

In order to shed additional lights onto the atomic structure
of amorphous B,Si,_, configurations, a bond angle distri-
bution examination is carried out, and the B-B-B, B-Si-B,
Si-B-Si, and Si-Si-Si distributions are illustrated in Fig. 5.
There are two main peaks located at ~60° and ~108° related
to the B-B-B angles for all compositions, which are a result
of the intra-icosahedral bonds of the pentagonal pyramids
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Fig.4 The coordination distributions of B and Si atoms as a function
of B concentrations
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Fig.5 The bond angle distribution function (BADF) of some amor-
phous configurations relaxed using the conjugate gradient technique.
BADFs are plotted using a smoothing factor of 4°

(i.e., B{, molecules), similar to those of pure amorphous or
crystalline B structures. For the Si-B-Si angle distributions,
a broad peak located around 111°, close to the tetrahedral
angle of 109.5° up to 80% B content, suggests some signa-
ture of tetrahedral character in these amorphous networks.
Yet, beyond 80% B content, this character diminishes due
to the formation of higher coordinated motifs around Si-
atoms. Indeed, the Si-Si-Si angle distribution also shows
similar trend as in the Si-B-Si distribution. B-Si-B angles,
on the other hand, produce the most complex distribution
because of differently coordinated Si atoms involving both
tetrahedral and pentagonal pyramid-like motifs.

The Voronoi analysis

The Voronoi polyhedron investigation [46, 47] can offer
useful information regarding the types of clusters formed
around each atom and hence about the amorphous mod-
els. In this method, a polyhedron is indicated in the way
of <nj, ny, ns, ng, ...> type indices. In here, n; and Zn;,
are the number of i-edge faces of a polyhedron and its
total coordination number, correspondingly. In order

to identify Voronoi polyhedrons, the first minimum of
PPDFs was used as a cutoff radius. The key structure
of amorphous and crystalline B and B-rich materials
is mostly the quasi-molecular B, icosahedrons formed
by the pentagonal pyramids. In the Voronoi analysis,
the pentagonal pyramid-like motifs can be represented
by <2,2,2,0> index. In B-based amorphous materials,
incomplete pentagonal pyramid-like clusters can also
form and can be denoted by <2,3,0,0> index. There-
fore, we mainly focus on these two indices and analyze
their variation (Fig. 6). With reference to B atoms, the
fraction of <2,2,2,0> type polyhedrons increases gradu-
ally with increasing B content as expected, and parallel
to this increase, the frequency of <2,3,0,0> type index
decreases slowly, but they still exist at the highest B
content and have a fraction of ~7%.

The computer-generated models are visualized via
the VESTA program [48], and the models are shown in
Fig. 7. By means of Voronoi analyses and visualizations,
we observe the formation of the complete B, and B;Si
icosahedrons (see Fig. 8) and the development of B, B3,
and B, molecules in some models.
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Fig.6 B content dependence of <2,2,2,0> and <2,3,0,0> indices that
correspond to ideal and incomplete pentagonal pyramid-like motifs,
respectively
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Fig.7 Ball-stick representa-
tion of modeled noncrystalline

configurations
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Bjp molecule

Bjsmolecule

Fig.8 Cage-like clusters formed in the amorphous BSi systems
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The electronic properties

The amorphous and crystalline BSi materials can have
important technological applications, in particular in the
semiconducting technology. For this reason, determining their

Bandgap (eV)
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Fig. 9 B content dependence of forbidden energy band gap based on

GGA+U calculations
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electronic structure is essential. Figure 9 depicts the variation
of HOMO-LUMO band gap energy predicted using GGA+U
calculations as a function of B content. The band gap does not
show a clear trend but fluctuates between 0.81 and 1.12 eV,
comparable with 0.5-1.0 eV reported for B:Si thin films [37].

The mechanical properties

For the functional applications of a material, it is necessary
to identify its mechanical characteristics. For this reason, we
consider the mechanical features of each amorphous configu-
ration in details. We first probe the bulk modulus (K) that can

be readily calculated by fitting the energy (E)-volume (V) cor-
relation (Fig. 10) to the third-order Birch-Murnaghan equation
of states:

e S (R R IC )
e9)

where K' = dK/dP (P is pressure) and the subscript
“0” represents the equilibrium values. The computed K
values as a function of B concentration are illustrated
in Fig. 11 and given in Table 1 as well. For comparison,
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Fig. 11 Change in bulk (K) and Young (E) moduli as a function of B
concentration

available data in the literature are also provided in the
same table. The K value of the amorphous materials
drastically changes from ~90 to ~182 GPa with increas-
ing B content, as expected to due to the formation of
more B, molecules in the system. The bulk modulus
of c¢-SiBj and c-SiB, is also computed and found to
be ~159 GPa and ~161 GPa, respectively, which are
approximately overlapped with the earlier theoretical
results of about 121.1-183.5 GPa for c-SiB;, c-SiB,,
c-SiBg, and c-SiB54 [50]. For the amorphous form of
c-SiB; and c-SiB,, a slight reduction in K value (see
Table 1) is observed due to their disordered nature. It
should be noted here that the computed bulk modulus
of the amorphous materials with high B contents seems
to be reasonably comparable with that of pure B crys-
tals (a-, B-, y-, and tetragonal forms) having K = 200
GPa [49, 51-53].

In order to predict Young modulus (E), a uniaxial
stress along the principal axes of the modeled amor-
phous materials and the crystalline phases is applied,
and their atomic coordinates are relaxed. Then, the
stress-strain relation is studied and from the slope of
the relation, Young modulus (E)

@ Springer

Oaxial
E=-— )

€axial

is obtained and depicted in Fig. 11. Young modulus
increases from ~162 to 384 GPa with increasing B content,
indicating that the materials become less elastic at high B
contents. Young modulus of c-SiB; and c-SiB, is calcu-
lated as ~311 GPa and ~288 GPa, respectively. The esti-
mated values are, as seen in Table 1, parallel to the results
of ~150-359 GPa in c-SiB;, c-SiBy, and c-SiB;4 [50].

Knowing E and K allows us to calculate Poisson ratio (v)
using the following equation:

1 E

V= E - 6_1( (3)

As seen from Fig. 12, v shows a fluctuant tendency
(~0.19-0.23) up to 90% at B, and then, it drastically
decreases to ~0.15 at 95% B ratio. v is estimated to be 0.17
for c- SiB5 and 0.2 for c-SiB,. From Table 1, it can be seen
that the estimated values of v for the crystalline and amor-
phous structures are coherent with 0.17-0.35 in c-SiB;,
c-SiBg, and c-SiB;4 [50, 54]. Additionally, the value (0.148)
is quite close to 0.11-0.13 in B crystals [52, 53, 55].

Since we acquire E and v values, shear modulus (1) can
be easily computed as

R
T 20+ @

H

Shear modulus of the simulated amorphous models pos-
sesses a steady increase from ~67 to 167 GPa (see Fig. 12)
with increasing B content. We estimate p to be ~132 GPa for
c-SiB; and ~120 GPa for c-SiB,. The calculated values are
again close to ~55—154 GPa reported for B-rich BSi crystals
[49]. On the other hand, the maximum value is noticeably
less than ~197-236 GPa in the crystalline B phases [52-54].
The smaller result in the amorphous forms signifies that they
have more flexible structure than the crystalline forms.

In addition to these mechanical parameters, we finally
evaluate the Vickers hardness (H) using the next three
empirical equations [56-58]:

H=0.151pu 5)
0.585
H= 2(2‘—2) _3(GPa) 6)
and
1.137
H =09 (%) ()78 )

The results obtained from these equations are given in
Fig. 13. The hardness shows an undulate trend but a sudden
jump at 95% B concentration. The computed H value for our
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Table 1 Bulk (K), Young (E)

. > Phase K E v n n References
and shear (p) moduli, Poisson
ratios (v), Pugh’s ratio (n), and a-BsSisy 90.1 161.6 0.2 67.3 1339 This study
Vieker's hardness (1D- B Bl aBisig 961 178.1 0.191 74.8 1285  This study
a-Bg,Siyg 102.7 188.5 0.194 78.9 1.301 This study
a-BgsSiss 115.9 192.9 0.223 78.9 1.469 This study
a-B(Sis, 119.2 201.9 0.217 82.9 1.436 This study
a-B5Siys 1314 211.8 0.231 86.0 1.528 This study
a-Bg,Siy 144.8 258.5 0.203 107.5 1.348 This study
a-BgsSi;s 147.4 264.3 0.201 110 1.339 This study
a-By,Si, 160.3 283.7 0.205 117.7 1.362 This study
a-By;Sis 181.8 383.6 0.148 167 1.089 This study
c-B;5Siys 159 310.8 0.17 1324 1.2 This study
c-BggSiy, 161 288 0.214 119.6 This study
c-SiB; 1712 310.8 0.20 129.8 1.32 [47]
c-SiB, 280 [16]
138.4-339.8 [18]
172.1 150 0.35 554 3.11 [47]
c-SiBg 179.2 358.8 0.17 153.8 1.17 [47]
81.24 [49]
c-SiB¢-81 121.1 163.8 0.27 64.3 1.88 [47]
c-SiB;4 183.5 358.1 0.17 152.4 1.20 [47]
c-Boron 185-231.5 [37, 48, 50, 51]
445-550 0.11-0.13 197-236 [50-52]

Ref. 16—experiment

Ref. 18—experiment (in different densities)

Ref. 47—theory

Ref. 48—theory

Ref. 49—experiment

Ref. 50—theory

Ref. 51—theory

Ref. 52—theory-diamond-like

Ref. 53—experiment

B-rich-disordered configurations is estimated to be in the
range of 10 to 33 GPa. Additionally, the H value for c-SiB;
and c-SiB, is computed to be 20-25 GPa and 18.1-20.2
GPa, respectively. Our estimations are in an excellent agree-
ment with the previous experimental and theoretical results
of 23-27 GPa estimated for the crystals (23-27 GPa) [16,
18]. Yet the maximum hardness predicted is noticeably less
than 42—-50 GPa reported for B crystals [59, 60].

The brittle-ductile characteristic of any solid can be clas-
sified by means of either the Pugh’s ratio (n) or Poisson’s
ratio [61, 62]. The critical value is equal to 1.75 for n. If
n is bigger than 1.75, a solid shows the ductile character.
Otherwise, n < 1.75, the solid exhibits the brittle character.
In addition, if the Poisson ratio is bigger than 0.26, a solid
is ductile, and if not, it shows brittle feature [61, 62]. n and v
values for our B-rich amorphous BSi systems are estimated

to be in the range of 1.09-1.53 and 0.191-0.231, respec-
tively, so one can clearly say that our configurations demon-
strate a brittle character as it should be in ceramic materials.

Discussion

The B, molecule is the main building unit of B phases
and B-rich materials and are observed in all compositions
including Bs,Sis, in the present work. This might not be sur-
prising because an experimental investigation reported that
a low B content about 17% is enough for the development
of B, icosahedra in BSi materials. The present investiga-
tion reveals an outstanding feature of B-rich amorphous BSi
solids, namely, the formation of ideal B,Si icosahedron(s)
in addition to B, molecules in all amorphous structures.
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Fig. 12 Variation in Poisson’s ration (v) and shear modulus (p) vs B
content

The ideal B;Si icosahedron does not form in any crystal-
line BSi phases. The development of ideal B, ;Si molecules
or pentagonal pyramid-like motifs around Si atoms leads to
higher mean coordination for Si atoms and a different local
arrangement around them in the amorphous configurations
compared to the crystals. It should be noted that B;;C mol-
ecules (in which C atom is sixfold coordinated) do exist in
the amorphous and crystalline forms of B,C, and hence, the
observation of high coordinated Si in the amorphous models
is unsurprising.

It appears that B atoms have a strong affinity to form
pentagonal pyramid-like topologies. This results in B-rich
and Si-rich regions in all amorphous models except BysSis,
namely, the occurrence of B:Si phase separations in these
amorphous configurations.

We observe the formation of some uncommon cage-like
clusters such as B,,, B3, and B, in some amorphous net-
work. The B, molecule was perceived in an amorphous
BAs model. The others, on the other hand, have not been
reported in any B-based materials. Since we did not observe
the formation of these unusual molecules in our previous
simulations on pure amorphous B, we think that the phase
separation (B:Si) provides a driving force of their formation
in amorphous BSi materials. Yet, further theoretical studies

@ Springer

on a large system, probably using a machine learning poten-
tial, are necessary to clarify this matter.

With increasing B content, as a result of the formation
of more pentagonal pyramids and hence B, molecules,
the mechanical properties of BSi systems are drastically
improved, and at high B contents, some mechanical proper-
ties of amorphous BSi become comparable with those of B
crystals. Consequently, the modeled amorphous materials
can be categorized as hard materials because their Vickers
hardness is greater than 20 GPa.

Lastly, when the electronic behavior is considered, all
amorphous networks show a semiconducting behavior. Sub-
sequently, they can serve as thermoelectric materials and
can substitute the crystalline materials that cannot be easily
synthesized. Easy production of amorphous materials might
provide some advantages over crystalline phases fabricated
at certain stoichiometries.

Conclusions

Amorphous B, Si;_, (0.5 <n <0.95) configurations are gen-
erated by using AIMD simulations, and their local structure,
electronic properties, and mechanical features have been
investigated and compared with the available data in the lit-
erature. The changing B/Si content has almost no effect on
the mean bond lengths, but the average coordination number
changes from 5.5 to 6.2 for B atoms and from 4.3 to 5.6
for Si atoms. The strong tendency of B atoms to arrange
themselves in pentagonal pyramid-like configurations yields
Si:B phase separations in the amorphous networks. Most
pentagonal pyramid-like motifs lead to the formation of B,
and B;;Si molecules. The B,,Si icosahedrons do not exist
in any SiB crystalline phases. The formation of B,;Si ico-
sahedrons yields a different local structure in amorphous

30

25 |-

H (GPa)

20

—— a-BSi (Teter)

—@— a-BSi (Chen)

—A— a-BSi (Tian)
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Fig. 13 B concentration dependence of Vickers hardness (H)
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configurations, relative to the crystals. When the electronic
behavior is discussed, all amorphous compositions can be
classified as semiconducting materials having a band gap
energy of 0.81-1.12 eV. The bulk modulus of B-rich amor-
phous silicon borides is calculated to be in the range of ~90
to 182 GPa. The Vickers hardness increases with increasing
B content and reaches values of 25-33 GPa at 95% B con-
centration. Due to their electrical and mechanical properties,
these materials can be potential candidates for refractory
materials and can substitute the crystalline phases that can-
not easily be fabricated.
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