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Abstract. We used molecular dynamics (MD) simulations to investigate the
structural properties of boron silicon nitride (B-Si-N) under high pressure. The B-Si-
N sample was cooled from 5000 K to 300 K at a constant pressure of 60 GPa. At
4000 K and 3500 K, the structure remained disordered. As the sample was cooled, a
phase transition occurred between 3500 K and 3000 K. Common-neighbor analysis
(CNA) showed that nitrogen atoms in the Si-N-rich region began to form crystalline
clusters with face-centered cubic (FCC) and hexagonal close-packed (HCP)
arrangements. Most clusters adopted FCC-like local ordering of nitrogen atoms,
whereas a smaller fraction exhibited HCP ordering. The crystallization mechanism
is discussed in detail.
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1. Introduction

In recent years, B-Si-N materials have attracted significant attention because of their
high thermal stability, oxidation resistance, mechanical strength, and corrosion resistance [1].
B-Si-N is typically synthesized with an amorphous structure composed of slightly
distorted SiNy tetrahedra and planar BN3 units linked through shared nitrogen atoms, in
which silicon and boron atoms are uniformly distributed [2]. This fully amorphous state
can remain stable up to 1200 °C during annealing, but a-Si3N4 crystals appear once the
annealing temperature reaches 1300 °C [3]. Experiments also show that the amorphous
state remains stable up to 1600 °C [4] and even 1700 °C [5] in nitrogen environments,
suggesting that crystallization in B-Si-N occurs over a range of temperatures. Both B-Si-
N and Si3N4 have been synthesized under high-temperature and high-pressure conditions,
with 0-Si3Ns transforming completely into B-SisNs4 under compressive pressure.
However, the presence of boron atoms hinders this transformation, and the a-Si3N4/f-
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Si3N4 ratio increases with higher BN content in the samples [1]. Despite these findings,
the crystallization mechanism of B-Si-N under high-temperature and compressive-
pressure conditions remains unclear.

MD simulations have been widely used to investigate the structural properties of B-
Si-N materials at the atomic scale [6]-[10]. Although boron atoms are bonded within the
Si-N network, simulations have revealed the presence of Si-N-rich and B-N-rich regions
[6], [9], [10]. In addition, simplex analysis has shown that B-Si-N materials contain
distinct domains, including Si-N, B-N, and Si-B-N regions [9]. These findings raise
important questions about how Si3Ny crystals form in Si-N-rich regions and how boron
atoms influence the nucleation of SizN4 crystals.

In this study, we use MD simulations to investigate both the structural properties and
the crystallization process of B-Si-N materials. We simulated a B-Si-N sample at high
temperature under compressive pressure and then cooled it to room temperature. During
cooling, we analyzed the structural characteristics of the model to explore the nucleation
pathway in B-Si-N.

2. Computational methods

We initially generated random atomic coordinates for the BN»s(Si3N4)75 sample,
containing 11,500 atoms in a simulation box measuring 56 x 56 x 56 A®. We then applied
the conjugate gradient algorithm to obtain a stable configuration with minimum energy.
This configuration served as the input for the MD simulations. The simulations used the
two-body empirical Marian—Gastreich potential because it is computationally efficient,
produces models with relatively few coordination defects, and yields reasonable
enthalpies of formation [8]. The parameters of this potential are reported elsewhere [11].
We integrated the equations of motion using the Verlet algorithm to simulate atomic
trajectories and applied periodic boundary conditions to the simulation box. To control
temperature and pressure, we used the Berendsen thermostat and barostat [12].

The sample was first heated in the NPT ensemble at 0 GPa and 5000 K for 100 ps. It
was then cooled to 300 K at a pressure of 60 GPa at a cooling rate of 10 K/ps. To analyze
the structure, we calculated the radial distribution function (RDF), examined structural
units and linkages, and performed common-neighbor analysis (CNA) [13]. We defined
the SiNy structural unit by placing the Si atom at the center and constructing a sphere with
a radius of rsicutofr = 2.50 A, which corresponds to the first minimum of the Si-N pair
RDF gsin(r). This sphere contained x N atoms. Similarly, we defined the BNy structural
unit by placing the B atom at the center and using a cutoff radius of rp-cutotr = 1.91 A. For
the NSim, N(S1,B)n, and NBgy linkages, we selected the N atom as the center of the
corresponding spheres. Atomic configurations were visualized using OVITO software [14].

3. Results and discussion

Figure 1 shows the change in sample volume with decreasing temperature. The
volume decreases sharply between 3500 K and 3000 K, indicating a phase transition.
Previous experiments reported that the structural transformation from a-Si3Na to y-SisNa
occurs at 4000 K under 45 GPa [15], while the transition from amorphous BN to cubic
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BN occurs above 2473 K at 7.7 GPa [16]. These results suggest that the phase transition
observed in B-Si-N more likely corresponds to crystallization of silicon nitride than to
crystallization of boron nitride.

Figure 2 shows the changes in the RDFs with decreasing temperature. At 4000 K and
3500 K, the RDFs of Si—N, B-N, and N-N pairs display two peaks, with the main peak
much more intense than the secondary peak, indicating a disordered structure. When the
temperature drops below 3000 K, the pair RDFs (gsin(r), ggn(r), and gn-n(r)) exhibit
additional, higher, and narrower peaks, suggesting that the structure becomes more
ordered as the temperature decreases. At 4000 K, the main peaks of gsi n(r), gg-n(r), and
gn-n(r) are located at 1.74 A, 1.41 A, and 2.51 A, respectively. As the temperature
decreases, these peaks grow in intensity and shift slightly toward larger r values,
indicating that the Si—N, B—N, and N—-N bond lengths increase slightly. At 300 K, the
main peaks are located at 1.82 A, 1.47 A, and 2.57 A for Si-N, B-N, and N-N pairs,
respectively. These values are close to experimental values for y-SisNa [17], where the
Si—Niet, Si-Noot, and N-N bond lengths are 1.7849 A, 1.8718 A, and 2.5539 A,
respectively, and for hexagonal BN [18], which has a B-N bond length of 1.45 A.

Figure 3 shows how the fractions of structural units and linkages vary with decreasing
temperature. For SiNx (x = 4, 5, and 6) units, the fractions of SiN4 and SiNs decrease
rapidly, while SiNg increases sharply between 3500 K and 3000 K, indicating a strong
structural transition in this range. The BN3; and BNy units display opposite trends: BN3
decreases quickly from 4000 K to 3500 K, then rises sharply between 3500 K and 3000 K,
and finally decreases gradually to 300 K, while BN4 units show the opposite behavior.

For NSin and N(S1i,B)n linkages, which connect SiNyx and BNy units, no NBq linkages
were observed, indicating the absence of a B-N-rich region. At 3500 K, the fractions of
NSin and N(Si,B). linkages are 75.56% and 24.44%, respectively. The NSin linkages
connect to form an extended network, whereas the N(Si,B)n linkages are clustered
together, with the largest cluster containing about 94.15% of all N(S1,B). linkages. Cross
sections of these linkages are shown in Figure 4. Thus, interconnected Si—N-rich regions
extend throughout the sample, whereas the mixed Si—B—N region consists mainly of
clustered N(Si,B), linkages.

As shown in Figure 3, NSi3 and NSi4 linkages decrease sharply, while NSis and NSig
increase sharply between 3500 K and 3000 K. In contrast, N(Si,B)4 linkages increase
slightly, and N(Si1,B)s linkages decrease slightly as the temperature decreases. These
results indicate that the Si—N-rich region undergoes a strong structural change between
3500 K and 3000 K, while the mixed Si—B—N region evolves more gradually as the
temperature decreases.

We performed CNA to detect crystalline structures in the sample and found that
nitrogen atoms form both FCC and HCP sublattices. Figure 5 shows the fractions of FCC,
HCP, and amorphous nitrogen atoms with decreasing temperature. No crystalline
structures appeared above 3500 K. However, significant numbers of FCC and HCP
nitrogen atoms formed at 3250 K. The fraction of FCC atoms increases rapidly between
3500 K and 2000 K and then grows more gradually at lower temperatures, whereas HCP
atoms increase steadily throughout cooling. At 300 K, the sample contains 39.6% FCC,
5.8% HCP, and 54.6% amorphous nitrogen atoms.
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Figure 1. Change in volume with decreasing temperature
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Figure 2. Pair RDFs at different temperatures
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Figure 3. Changes in the fractions of structural units and linkages
with decreasing temperature

At 3500 K, only 3 FCC and 1 HCP nitrogen atoms were observed, all of which were
bonded to silicon. By 3250 K, the sample contained 584 FCC and 57 HCP nitrogen atoms.
Of these, 11.47% of FCC atoms and 21.05% of HCP atoms were bonded to both silicon
and boron, while the remainder were bonded exclusively to silicon. At 300 K, 12.73% of
FCC atoms and 28.54% of HCP atoms were bonded to both silicon and boron. These
results suggest that crystalline nucleation begins in the Si—N-rich region and then expands
toward the mixed Si—-B—N region. Figure 6 illustrates the atomic configurations at
different temperatures, which show the growth of crystalline grains composed of FCC
nitrogen atoms (green). HCP nitrogen atoms (blue) alternate with amorphous nitrogen
atoms (red), while boron atoms (cyan) are distributed within the structure.
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We calculated the average potential energies of FCC, HCP, and amorphous nitrogen
atoms, as shown in Figure 7. FCC nitrogen atoms exhibit the lowest potential energy,
followed by HCP atoms, while amorphous atoms have the highest. This trend indicates
that nitrogen atoms tend to transform into the most stable state, which is the FCC
structure. As illustrated in Figure 6, FCC-ordered structures form crystalline grains that
are surrounded by HCP structures interspersed with amorphous regions, which act as
grain boundaries. These amorphous regions arise from the incorporation of boron atoms
into the Si—N network.
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Figure 4. Cross section of the sample at 3500 K (yellow: N atom
belonging to NSin linkage, blue: N atom belonging to N(Si,B). linkage,
pink: Si atom belonging to NSiu linkage, red: Si atom
belonging to N(Si,B). linkage, cyan: B atom belonging to N(Si,B). linkage
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Figure 5. Fractions of FCC, HCP, and amorphous nitrogen atoms
with decreasing temperature

49



D.C. Thanh & L.V. Vinh

Figure 6. Visualization of atoms with FCC and HCP ordering (green: FCC N atom,

blue: HCP N atom, red: amorphous N atom, yellow: Si atom, and cyan: B atom)
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Figure 7. Average potential energy of FCC, HCP, and amorphous nitrogen atoms
with decreasing temperature

4. Conclusions

We used MD simulations to study the structural properties and crystallization
behavior of the BN25(Si3N4)75 sample. The sample was heated to a high temperature and
then cooled to room temperature at a pressure of 60 GPa. Above 3500 K, the structure
remained disordered, with SiNx and BNy units connected through NSim and N(Si,B)a
linkages. An Si—N-rich region formed and expanded throughout the sample, whereas no
B—N-rich region was observed. Instead, mixed Si—-B—N regions developed, with the
largest N(Si,B). cluster containing about 94.15% of all N(Si,B), linkages. A phase
transformation occurred between 3500 K and 3000 K, during which nucleation was
dominated by FCC-like local ordering of nitrogen atoms, with a smaller fraction showing
HCP-like local ordering. These nuclei formed initially in the Si—N-rich region, where
FCC atoms exhibited the lowest potential energy, followed by HCP atoms and then
amorphous atoms. As the temperature decreased, crystalline grains of FCC atoms grew,
whereas a small number of HCP atoms were interspersed with amorphous Si—-B-N
structures, forming grain boundaries.
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