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ABSTRACT

This study investigates the atomic structure, bonding, and electrical and mechanical properties of amorphous silicon boron nitride (a-Si,BN)
using ab initio molecular dynamics simulations. The simulations reveal a distinct phase-separated structure comprising Si-rich and BN-rich
domains. BN layers are embedded within the amorphous Si matrix, with only a few bridging atoms linking these regions. The Si-rich region
exhibits topological similarities to amorphous silicon, albeit with notable structural distortions. Electronic structure calculations indicate
semiconducting behavior with a small bandgap, while mechanical property analysis shows a moderate bulk modulus and Young’s
modulus, achieving a balance between rigidity and elasticity. These findings position a-Si,BN as a promising material for advanced appli-
cations, including flexible electronics, high-temperature semiconductors, and energy storage devices. While the proposed structure is cur-
rently hypothetical, its potential experimental realization could open new avenues in material design for emerging technologies.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial- |

NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0244715

I. INTRODUCTION

Silicon boron nitride (Si,BN), a two-dimensional (2D) mate-
rial with remarkable properties, has gained significant attention in
recent years.”'® Its unique combination of mechanical strength,
thermal stability, and electronic properties makes it a promising
candidate for numerous applications, including energy storage,
catalysis, and electronic devices.””'® The experimental realization of
layered Si,BN remains challenging, though its potential for envi-
ronmental and energy-related applications is substantial.

In the broader context, 2D materials often exhibit properties
distinct from their bulk counterparts. While much research on
Si,BN has focused on its 2D structures, interest in its bulk configu-
rations has also grown. A recent theoretical study emphasized the
potential of three-dimensional (3D) porous Si,BN in various fields,
particularly for energy storage.'” Using the particle swarm optimi-
zation algorithm and first-principles calculations, researchers pre-
dicted the most likely structure for bulk Si,BN, identified as
0-Si,BN with (P-4m2) symmetry.z” This semiconducting material
exhibits an extremely narrow indirect bandgap of 0.02 eV, com-
bined with high hardness and a significant melting point, making
it a promising candidate for high-temperature applications.

Amorphous forms of silicon boron nitride (a-SiBN) ceramics
have also attracted considerable attention for their outstanding
thermal and mechanical properties.”' ' However, the amorphous
form of Si,BN (a-Si,BN) remains largely unexplored. This study
aims to fill this gap by investigating the atomic structure, electronic
behavior, and mechanical properties of a- Si,BN using ab initio
molecular dynamics (MD) simulations.

The findings presented here contribute to a deeper under-
standing of a-Si;BN and highlight its potential for various
advanced applications. Specifically, the combination of thermal
stability from the BN-rich domains, semiconducting behavior with
a small bandgap, and mechanical flexibility suggests that a-Si,BN
could be a promising candidate for flexible electronics, high-
temperature semiconductors, and energy storage devices. These
applications benefit from the unique phase-separated structure and
the balance between rigidity and elasticity observed in a-Si,BN.

Il. COMPUTATIONAL METHOD

The MD simulations were performed using the SIESTA ab initio
program.”” A pseudopotential approach™ and the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA)
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functional,” along with Grimme’s dispersion correction,”” were
employed. The Brillouin zone was sampled at the I' point, and
double-zeta basis functions were used for the MD calculations.
Self-consistency energy tolerance was set to 10™*eV. A time step of
1.0 fs was applied for each MD step, and temperature control was
achieved via velocity scaling within an isothermal-isobaric (NPT)
ensemble. The Parrinello-Rahman method™ was employed to
maintain zero pressure during simulation.

To generate an a-Si,BN structure, we employed the traditional
melt-and-quench technique. The starting configuration was an
amorphous B,C model, modified by replacing some B and C atoms
with Si and N atoms to achieve the desired Si,BN composition (96
Si, 48 B, and 48 N atoms). This process is referred to as Simulation
1. The initial configuration was heated to 5000 K for 100 ps, fol-
lowed by quenching to 300 K at a rate of 2 x 10'* K/s. The resulting
structure at 300 K was then optimized using the conjugate gradient
method, where both atomic positions and lattice parameters were
relaxed until the maximum atomic force and stress were below
0.01eV/A and 0.02 GPa, respectively. The final amorphous struc-
ture had a density of 2.1997 g/cm’.

To confirm that the starting structure has no significant effect
on the final configuration, we performed an additional simulation,
referred to as Simulation 2. In this case, the starting configuration
was a C,BN, which was modified by replacing all C atoms with Si
to create an Si,BN structure. The system was then thermalized at
2200K for 50 ps. The resulting structure was compared to the
results of Simulation 1 at the same temperature using partial pair
distribution functions (PPD), as shown in Fig. 1. Notably, both
simulations—despite differing in initial configurations and thermal
conditions—produced similar structural motifs as exposed in
Fig. 2, suggesting that the phase-separated Si,BN structure repre-
sents the lowest-energy configuration.

Atomistic-level analysis and visualization of the structures
were performed using the ISAACS and VESTA™ programs,
respectively.

Ill. RESULTS
A. Structural properties

Figure 2 presents a ball-and-stick model of the computer-
generated a-Si,BN structure, highlighting its distinct phase-
separated configuration. The model reveals Si-rich and BN-rich
domains, with BN layers embedded within an amorphous Si (a-Si)
matrix. These domains are interconnected by only a few bridging
atoms. Similar BN layer formations have been reported in other
a-SiBN structures””” and B-doped Si3N,/SiC ceramics,”’ indicat-
ing that this feature is not unique to a-Si,BN.

To examine the local atomic structure in detail, we first perform
PPD analysis as exposed in Fig. 3. The results confirm the amor-
phous nature of the structure and show a complex network of bonds
between various atomic species, notably without any N-N bonds.
A prominent peak at 2.41 A for Si-Si bonding is observed, falling
between the bond lengths reported for a-SizB;N; (2.56 A)!" and a-Si
(2.35-2.38 A).""** This intermediate bond length suggests a unique
bonding character in a-Si,BN. The B-N bond length is approxi-
mately 1.44 A, which aligns with both BN structures** and a-Si;B;N;
(1.43-1.44 A).”"°" Additionally, a weak peak at 1.67 A in the B-B
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correlation hints at the presence of a small number B-B bonds,
with a bond distance smaller than the 1.70 A observed in a-BCs.*”
The B-Si bond is measured at 2.17 A, shorter than the 2.72-2.75 A
in a-SisB;N,.>*! Finally, the Si-N bond distance is found to be
1.84 A, longer than the 1.72-1.74 A range reported for a-SizB;N,. %!
Overall, the PPD analysis reveals a complex and interconnected
atomic structure in the a-Si,BN system, with bond distances that
deviate from those observed in other related materials as expected,
due to the significant structural differences among them.

To further elucidate the local atomic environment within the
simulated a-Si,BN model, a coordination number analysis is con-
ducted using predefined bond length thresholds (B-B=1.89 A,
B-Si=2.384, Si-Si=2.90 A, B-N=1.92 A, and Si-N =2.06 A). The
analysis reveals distinct trends in the coordination preferences of
each element. Si atoms exhibit a mean coordination number of 3.95,
with a strong preference for Si-Si bonds (3.66) and relatively few
Si-N (0.16) and Si-B (0.12) bonds. N atoms demonstrate a mean
coordination number of 3.02, primarily forming N-B bonds (2.68)
with fewer N-Si bonds (0.33). B atoms have a mean coordination
number of 3.06, with a significant preference for B-N bonds (2.68)
and fewer B-Si (0.25) and B-B (0.12) bonds. Considering the overall
structure of the model, these coordination numbers are comparable
to those observed in a-Si with a mean coordination number of about
4.0 and a-BN with a mean coordination number of about 3.0.

The analysis of chemical environments, as summarized in
Table I, highlights the most common bonding configurations in the

— simulation 1

Zz 20
m10F /\_L — simulation 2
[/, M

1 2 3 4 5 6 71 8
r(A)

FIG. 1. PPD functions of the Si;BN structures at 2200 K from two independent
simulations with different starting configurations.
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FIG. 2. Ball-and-stick representations
of Si;BN structures. (a) and (b) are the
starting configurations. (c) and (d) are
the structures at 2200 K. (e) is the fully
relaxed structure after quenching to
300K from simulation 1. Blue, green,
and gray spheres represent Si, B, and

N atoms, respectively.

a-SibBN structure. Approximately 91.7% of Si atoms are fourfold
coordinated, with the majority (72.92%) existing in a Si-Si, config-
uration. A smaller fraction of Si atoms exhibit either threefold or
fivefold coordination, indicating some variability in the local
bonding environment. Most B atoms (93.7%) are threefold coordi-
nated, predominantly forming a B-N; configuration (75.0%), while
the remaining B atoms are fourfold coordinated. Similarly, the
majority of N atoms (97.9%) are threefold coordinated, primarily
in an N-B; arrangement (70.0%). The remaining N atoms display
fourfold coordination.

To gain deeper insights into the atomic structure, we evaluate
the bond angle distribution functions. Figure 4 presents the distribu-
tions for the most prevalent bonding configurations in the a-Si,BN
structure. The B-N-B and N-B-N bond angles exhibit a sharp peak
around 120°, characteristic of a trigonal planar geometry typical of

BN-rich domains, where B and N atoms adopt sp> hybridization. In
contrast, the Si-Si-Si bond angle distribution is broader, with a
peak centered around 105°. This significant deviation from the ideal
tetrahedral angle of 109.5° reflects structural distortions in the
Si-rich regions. These distortions likely contribute to the observed
elongation of the mean Si-Si bond length compared to that in a-Si.

B. Electrical properties

The electron density of states (EDOS) consideration of the sim-
ulated a-Si,BN model, as illustrated in Fig. 5, indicates a semimetal-
lic character, as no clear forbidden gap is observed. Due to the
Gaussian broadening of 0.15eV applied in the plotting, the focus
shifts to the energy difference between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital
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FIG. 3. PPD functions of the a-Si,BN configuration.

(LUMO), which is estimated to be approximately 0.13 eV—larger
than the 0.02eV reported for o-Si,BN.”’ The partial density of
states (PDOS) analysis further elucidates the electronic structure.
Si-p states dominate both the valence and conduction bands, indi-
cating that Si atoms play a central role in determining the electronic
behavior of the material. N-p states contribute primarily to the
valence band, while B-p states are more prominent in the

TABLE |. Identification of bonding around each species in the amorphous
configuration.

Si B N
Siy 72.92% N, 75.00% B, 70.83%
Si;B 7.29% NSi, 10.42% B,Si 22.92%
Si;N 5.21% N,B 6.25% BSi, 4.17%
Si; 5.21% N,SiB 4.17% B,Si 2.08%
Sis 2.08% NSiB 2.08%
Si,BN 2.08% Si, 2.08%
SiN, 1.04%
Si,N 1.04%
Si,B, 1.04%
Si,N, 1.04%
N,B 1.04%
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FIG. 4. Bond angle distribution functions (BADF) in a-Si,BN.

conduction band. This distribution suggests that the electronic
structure is primarily governed by the Si atoms, with B and N acting
as modifiers that refine the material’s overall electronic properties.

It is important to note the inherent limitations of DFT-GGA,
which is known to underestimate bandgaps. As such, the experi-
mentally measured bandgap of a-Si,BN is expected to exceed the
predicted value of 0.13 eV, indicating the potential for semicon-
ducting behavior under experimental conditions.

C. Mechanical properties

We estimate the bulk modulus (K) of a-Si,BN by analyzing
the energy (E) as a function of volume (V) using a variable cell
optimization method. The energy-volume (E—V) relationship
given in Fig. 6 is determined under hydrostatic conditions, with
applied pressures ranging from —3 to 8 GPa. This simulation allows
both atomic positions and cell parameters to adjust, accommodat-
ing changes in cell shape and atomic coordinates. The data are
then fitted to the third-order Birch-Murnaghan equation of state,

2 3
9V,K Vo',
16 %
vo\i ] Vo\’
29 1] |e—4af2
v v

E(V) =E + K

—+

b
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0 M‘ m' T correspond to loading directions nearly perpendicular to the BN
-20 -15-10 -5_0 5 10 15 20 layer orientation, while the highest values occur when loading is
E(eV) more closely aligned with the BN layers. This pronounced anisot-
ropy arises from the strong in-plane bonding within the BN layers. _
FIG. 5. Total and partial electron density of states of a-Si,BN. The Fermi level By averaging the six computed values, Poisson’s ratio for a-Si,BN is =
isat OeV. determined to be 0.23, closely aligning with the reported value of §
0.27 for a-Si3B3N7 at 300 K."* This suggests that a-Si,BN exhibits 8
(&)
where Vj, is the equilibrium volume and K’ is its pressure deriva- §
tive. This fitting allows us to accurately estimate the bulk modulus 0.025 &
of a-Si,BN based on the response of the material to volumetric ’ ' ! ' I ' I '
changes under different pressure conditions. The calculated bulk L -
modulus for a-Si,BN is approximately 60 GPa, with K’ =4.67. This
value is intermediate between the bulk modulus of BN at 002 N
36.7 GPa™® and that of a-Si at 106 GPa.”” Depending on the specific
density, the bulk modulus of related compositions, such as a-SizB;. i 1
N, could potentially fall within the 50-250 GPa range.”’ This 0015+ -
intermediate value suggests that a-Si,BN balances the flexibility of s ’
BN with the hardness of a-Si, making it an intriguing candidate for 2 - 7
applications requiring moderate mechanical resilience. bt
To assess Poisson’s ratio (v) of a-Si,BN, we apply uniaxial 001 7]
stress along the diagonal vector of the simulation cell, allowing the i i
remaining stress components to relax to zero. During this process,
both atomic positions and cell vectors are optimized. From the 0.005F -
relationship between lateral strain (€jaeers1) and applied strain
(€applicd)> as shown in Fig. 7, we derive Poisson’s ratio using the fol- i T
lowing equation: A 1 A 1 L 1 L
9).2 -0.15 -0.1 -0.05 0
__ €lateral ) Eapplied
€applied
‘ Poisson’s ratif) exhibits significant directional dependence, :::)ph;) fl?inﬁﬁg?rs]tsrgfs :E%e?r?e Eﬁ:glctiztnrail: a(gzegr?\lj) e et ey
with values ranging from 0.12 to 0.51. The lowest values
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similar mechanical behavior, particularly in its resistance to defor-
mation under applied stress.

Young’s modulus (E) of a-Si2BN, representing its resistance to
elastic deformation, is calculated as

E = 3K(1 — 2v).

The resulting Young’s modulus is approximately 97 Gpa,
lower than the reported 136+9GPa for a-Si,"" 132GPa for
a-SisB;N, at 300 K,"® and ~200 GPa for a-SiBN ceramics.”” This
difference proposes that a-Si,BN is comparatively less rigid and
exhibits greater elasticity than both a-Si and a-SiBN, making it
potentially more suitable for applications requiring flexibility in
addition to mechanical strength.

The shear modulus (1) is derived from Young’s modulus and
Poisson’s ratio using the following formula:

E
HF=5a+wy

For a-Si,BN, the shear modulus is estimated to be around
40 GPa, which is higher than the 33 GPa reported for a-Si,"” reflect-
ing a-Si,BN’s greater capacity to withstand shear forces, highlight-
ing its improved mechanical performance in applications that
involve torsional or shear stress.

In order to compute the Vickers hardness (H) of a-Si,BN, we
employ four empirical relationships that are widely cited in the lit-
erature for hardness prediction.”’™> The following equations are
used:

H=0.1514,
1 1.137
H=0.92 (—) ()7,
n

u 0.585
H, — 2(—2) —3 (GPa),
n

H = 0.0635E.

In these equations, n represents Pugh’s ratio (K/u). The esti-
mated hardness for a-Si,BN falls between 5.9 and 7.7 GPa depend-
ing on the equation used, which is lower than the reported hardness
of 10.9 £ 0.9 GPa for a-Si."’ These values indicate that while a-Si,BN
possesses moderate hardness, it is not as hard as a-Si or conven-
tional Si-based ceramics, making it more suited for applications
where a balance between hardness and flexibility is required.

IV. DISCUSSION

This study offers valuable insights into the structural, elec-
tronic, and mechanical properties of a-Si,BN, highlighting its
potential for various technological applications. One of the key
findings is the unique phase-separated structure of a-Si,BN, which
features distinct Si-rich and BN-rich domains. The embedded BN
layers within the amorphous Si matrix, along with the structural
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distortions observed in the Si-rich regions, contribute to the materi-
al’s distinct characteristics. These distortions may impact both the
mechanical flexibility and the electronic properties by influencing
the density of states near the Fermi level, potentially reducing stift-
ness while modifying charge transport.

From a mechanical perspective, the calculated properties—
such as a bulk modulus of 60 GPa, Young’s modulus of 97 GPa,
and a Vickers hardness ranging from 5.9 to 7.7 GPa—indicate that
a-Si;BN is relatively hard but less rigid than other ceramics like
a-Si3B;N;. The BN-rich domains, known for their layered struc-
tures, likely contribute to the material’s flexibility, while the Si-rich
regions enhance hardness. This combination could be advanta-
geous in applications where both durability and flexibility are
required. The moderate Poisson’s ratio (0.23) and bulk modulus
suggest good resistance to mechanical deformation and thermal
expansion. Additionally, the BN-rich regions may improve the
material’s thermal conductivity and stability, making a-Si,BN a
strong candidate for high-temperature electronic applications.

On the electronic side, a-Si,BN exhibits semiconducting
behavior with a small bandgap of 0.13eV. Although this gap is
smaller than expected—due to the limitations of DFT-GGA in
underestimating bandgaps—more accurate predictions can be
achieved using advanced techniques like hybrid functionals or GW
calculations. The bandgap tunability through compositional or
structural modifications offers potential for a-Si,BN in optoelec-
tronic applications and thermoelectric devices, where control over
electronic properties is crucial. Overall, the combination of flexibil-
ity, mechanical strength, and moderate electronic conductivity
opens up exciting possibilities for a-Si,BN in various fields, ranging
from high-temperature electronics to flexible optoelectronics.

While the size of the amorphous model used in this study is
considerable for ab initio simulations, potential size effects cannot

be entirely discounted. The smaller model size may limit the ability ;

to capture the full spectrum of structural and compositional varia-
tions in a-Si,BN, which could affect the generalizability of the
results. For example, in larger systems, distortions in the Si-rich
domains might be less pronounced, and the distribution of BN
layers may show greater nonuniformity. Although these factors are
unlikely to significantly influence short-range order, they may
impact microscopic properties, such as mechanical moduli and
electronic behavior. To achieve a more comprehensive understand-
ing of the local structure and properties of a-Si,BN, future studies
should focus on simulations with larger models or ensembles of
configurations. Such efforts would refine the observed trends and
further validate the conclusions drawn from this work.

V. CONCLUSIONS

In conclusion, this study provides a comprehensive investiga-
tion into the atomic structure, bonding, and electronic properties
of a-Si,BN. The unique phase-separated structure, coupled with its
semiconducting nature and favorable mechanical properties, posi-
tions a-Si,BN as a promising material for a range of applications,
including flexible electronics, energy storage devices, and beyond.
The balance between hardness and flexibility, along with its elec-
tronic properties, suggests that a-Si, BN holds significant potential
in emerging technologies. To validate these theoretical predictions,
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experimental synthesis and mechanical testing of a-Si,BN are
essential steps for further exploration of its practical applications.
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