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Abstract. We used molecular dynamics (MD) simulations to investigate the
structural properties of silicon nitride (SizN4) at high temperatures and pressures. The
Si3N4 models were cooled under a pressure of 75 GPa. A phase transition occurred
in the temperature range of 3950 K to 3650 K. The structural characteristics of these
Si3Ns models were analysed. At 4500 K and 4000 K, the Si3N4 models exhibited a
disordered structure. As the temperature decreased, the nitrogen (N) atoms
predominantly adopted a face-centered cubic (fcc) structure, and a significant
fraction of N atoms exhibited hexagonal close-packed (hcp) and other disordered
motifs. The hep and disordered regions were interspersed among fcc sublattices with
different orientations. The local entropy distribution of the atoms broadened and
shifted toward lower values with decreasing temperature.
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1. Introduction

Silicon nitride (Si3N4) materials exhibit excellent mechanical and thermal properties
[1], [2]. Thus, they are widely used in cutting tools, ball bearings, turbine and engine
materials, and other fields. Crystalline SisN4 exists in several forms under normal
conditions. Both a—and Si3N4 have nitrogen atoms arranged in a hexagonal lattice, so the
structural unit is a SiN4 tetrahedron. The difference between them is that the § form is a
slightly distorted tetrahedron relative to the o form. Interestingly, SisNy4 also exists in a
third, denser form, y—Si3zN4, which has been synthesized at pressures above 15 GPa and
temperatures exceeding 2000 K [3]. Spinel y—Si3N4 has been fabricated from hexagonal
structures by shock wave compression, and the y—phase Si3Ns was found to be 80% at 4000 K
and 45 GPa when using 0—Si3zN4 and copper powders as starting materials [4]. The phase
transition under high pressure and temperature has been studied by Nishiyama et al. [5].
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However, the pressure at which the transformation to the y phase occurs is difficult to
determine over a wide temperature range. Furthermore, the coexistence of a, 3, and vy
phases has been observed at 1873 K and 15.6 GPa, and a single phase of polycrystalline
v—Si13N4 appears above 2073 K [6].

First-principles simulations have been used to investigate the structural properties of
Si3N4 ceramic materials [7], [8]. These simulations have elucidated why cubic Si3N4
adopts a spinel structure under high pressure and temperature, and they have predicted
the formation of a post-spinel phase of Si3N4 at high pressures [9]. At the atomistic scale,
MD simulations have been employed to study the structural changes and mechanical
properties of B—Si3N4 nanoporous membranes [10]. In our previous works [11], [12],
cubic SizN4 samples were obtained by quenching under pressures of 45 GPa[11] and 60
GPa [12]. However, the structural characteristics of Si3Ns at high temperatures and
pressures above 60 GPa have not yet been studied by MD simulations.

Thus, in this work, we used MD simulations to investigate the structural
characteristics of Si3N4 at a pressure of 75 GPa and high temperatures. The Si3N4 model
was cooled by quenching under a pressure of 75 GPa. The structural properties of the
Si3N4 models are characterized by the radial distribution function (RDF), coordination
number (CN), bond angle distribution (BAD), local entropy, and common neighbor
analysis (CNA).

2. Content

2.1. Computational methods

We used MD simulations to model the SisN4 sample. This sample contains 10,500
atoms, which were generated randomly with a minimum distance of 1.0 A between
neighboring atoms. This configuration was heated to 5000 K at a rate of 10"'* K/s and a
pressure of 0 GPa. Here, the MD simulations adopted the pair potential described
elsewhere [13]. This interaction potential was chosen because it is computationally
efficient, yields models with moderately low coordination defects, and provides
reasonable values for the enthalpy of formation [14]. We conducted the MD simulations
using the Verlet algorithm with a timestep of 1 fs. Periodic boundary conditions were
applied to the simulation box. After heating to 5000 K, the sample was maintained at this
temperature for 100 ps. Then, a pressure of 75 GPa was applied to the simulation box,
and the sample was cooled to 300 K at a rate of 107 K/s. The atomic configurations were
stored at the desired temperatures for structural analysis.

The RDF was used to analyse the structure of the samples. The RDF is calculated as

g(r) =%<§5(’3 —V)> 2.1

where V is the volume of the sample and N is the number of atoms. From this RDF,
we can calculate the CN as

CN(r)= 47z'pj r g (r)dr (2.2)

61



Dinh CT, Nguyen TT & Le VV~

where is the density of the sample. We also calculated the local entropy-based fingerprint
to distinguish the ordered structures of atoms [15]. The entropy of a molecular system is
linked to its internal structure, which can be quantified by many body correlation
functions [16], [17]. The entropy can be expanded in terms of these correlation functions

S = Sigeat + S2 + S3 + higher order terms (2.3)

where Sigeal 1S the entropy of an ideal gas ensemble of monomers (or the one-body
entropy) at the same density and temperature as the system under consideration, and S»
and S3 are the two-body entropy and three body entropy, respectively. The excess entropy
of the system can be written as

Sex= S — Sideal 2.4

It is often assumed that the dominant term in a series expansion is the two-body
contribution, S2, and that the remaining higher order terms can be neglected. Thus,

S, =S, =—27pk, [[g(r) Ing(r) — g(r) +1]r"dr 2.5)
0
where p is the density of the sample, and g(r) is the RDF. The analysis of I(r)=[g(r)Ing(r)-

g(r)+1]r? suggests that S, can be used as a fingerprint to identify local structures [15].
Thus, the entropy is calculated for each atom i in the sample as

st =—27pk,y [ [ 2, () In(gl, () - &, (1) + 1} dr (2.6)

where g (r) is the RDF for atom i, and rm is an upper integration limit. The average local
entropy is calculated to further clarify the distinction of the distributions as follows:

—i S5 S (1) + 5
55 = 2850 ) 5, 2.7)
2. S+
where f(rj) is a switching function calculated as
=G /)"
y=—" 2.8
0= (2.8)

with N =6 and M = 12. Here, r, is chosen as 4.2 A for the SisN4 sample. The CNA is also
used to determine the crystalline structure [18].

2.2. Results and discussion

The change in volume with temperature during the cooling process is shown in Figure 1.
The volume of the Si3N4 model decreases linearly as the temperature falls to 3950 K.
Then, the volume drops abruptly between 3950 K and 3650 K, indicating a structural
phase transition. As the temperature decreases further, the volume again decreases
linearly. Experiments have also reported the structural phase transformation of SizNj at
4000 K under compressive pressure [4].
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Figure 1. The volume changes with the temperature

The RDFs of the models at different temperatures are shown in Figure 2. At high
temperatures (4000 K and 4500 K), the RDFs exhibit only two peaks, indicating that the
models have a disordered structure. As the temperature decreases to 3500 K, additional
peaks appear in the RDFs, showing that the structure becomes more ordered than at 4000 K
and 4500 K. With further temperature reduction, the RDFs display even more peaks,
which become sharper and higher. This indicates that the models become increasingly
ordered as temperature decreases. The first peak of these RDFs corresponds to the Si—N
bond length. Its position shifts gradually from 1.73 A to 1.82 A as the temperature
decreases from 4500 K to 300 K. Experimental data also show that the Si—N bond length
in amorphous SizN4is 1.729 + 0.005 A [19], while the tetrahedral (Si—N4) and octahedral
(Si—Ne) bond lengths in crystalline y—SisNsare 1.7849 A and 1.8718 A [20], respectively.
This suggests that at 4000 K and 4500 K the models resemble amorphous Si3Na, whereas
at lower temperatures they exhibit a crystalline structure.

a(r)
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Figure 2. The RDF of the models at the different temperatures
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Figure 3. The CN varies with the distance at different temperatures

Figure 3 shows that the CN of the models changes with distance. At 4500 K and 4000 K,
the curves increase steeply with distance, while they change in a stepwise manner at
temperatures below 3500 K. In particular, the CN of the model at 300 K remains almost
unchanged at approximately 5.8 in the range from 2 A to 2.8 A. We also examined the
N-Si—N BAD of the models, as presented in Figure 4. The main peaks of the N-Si—N
BADs are located at 88.5°. This peak becomes narrower and increases in height with
decreasing temperature down to 300 K, indicating that structural SiNg units become more
symmetrical. These results show that a large number of atoms are arranged in tetrahedral
units at temperatures below 3500 K.
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Figure 4. The N-Si—N BAD changes with decreasing temperature
Figure 5 shows the distribution of the average local entropy Ss. At 4500 K, the
distribution follows a normal distribution. The peak of the distribution is skewed and also
shifts to the left with decreasing temperature down to 300 K. Furthermore, it also
broadens with decreasing temperature. The atom with a more ordered structure has a
lower Sgvalue, and vice versa. This implies that the model at a lower temperature has
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a higher ordered structure. As observed in Figure 4, we can see that there is an intersection
between the distributions at 4500 K and 300 K, indicating that there are still atoms at high
temperature with “solid-like structure” and atoms at low temperature with “liquid-like
structure” [15]. Thus, we visualized redatoms with S¢> —38.2 kg and blue atoms with
S¢< 38 - 38.2 kg as presented in Figure 6. Note that —38.2 kg is the intersection point
between the distributions at 4500 K and 300 K. Here we refer to the blue atoms as solid-
like atoms and the red atoms as liquid-like atoms. As observed in Figure 6, the blue atoms
still cluster together even at high temperatures, and the red atoms gather together into
clusters with decreasing temperature.

——4500 K
- -4000 K
——3500 K
-4 -3000 K
024 ——2000K
- -4 -1000 K

Fraction

S(ky)

Figure 5. The distribution of average local entropy at the different temperatures

4500 K 4000 K 3500 K 3000 K

1000 K

Figure 6. Visualizations of the average local entropy of atoms in the models
(Red atoms with S¢>—38.2 kg and blue atoms with S¢<38 —38.2 k)
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Figure 7. Fraction of fcc, hep, and disordered atoms with decreasing temperature

We used CNA analysis to determine the crystalline structures in these models and
found that N atoms form fcc and hcp lattices. Figure 7 shows the fractions of fcc, hep,
and disordered N atoms as a function of temperature. No crystalline atoms are found at
4500 K. However, 12 fcc N atoms form in the model at 4000 K. As the temperature
decreases to 3500 K, many more fcc N atoms appear, along with a small number of hcp
N atoms. With further cooling to 300 K, both fcc and hep populations increase gradually.

Figure 8 shows cross sections of the models. At 4000 K, the structure is largely
disordered. At 3500 K, two fcc N clusters with different orientations emerge, with hep
and disordered N atoms inserted between them. As temperature decreases, the disordered
N atoms transform into fcc and hep sites. We also calculated the average potential energy
(APE) of fcc, hep, and disordered atoms (Figure 9). The APE is lowest for fcc atoms,
higher for hcp atoms, and highest for disordered atoms. This ordering obeys Ostwald’s
rule of stages [21], which states that phases with lower energy barriers form first. The
APE gap between disordered and hcp atoms is small, whereas the gap between hcp and
fcc atoms is large. Furthermore, the hep clusters intermingle with disordered atoms
inserted between two fcc clusters of different orientations (see Figure 8). Thus, disordered
and hcp atoms represent defects and stacking faults within the fcc lattice, respectively.

We also found that fcc N atoms bond to Si atoms in both the SiNg and SiN4 units.
This fcc arrangement is similar to the mineral MgAl>O4, which crystallizes in space group
Fd-3m [22]. The cubic spinel SisNa (y—Si3N4) adopts an ideal spinel structure: an fcc
lattice of N atoms, with Si occupying one-eighth of the interstitial SiNy sites and one-half
of the SiNg sites [23]. Thus, the crystal structures of our samples closely resemble that of
7—Si3N4.
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3. Conclusions

The MD simulations were used to model the SizNs samples during the cooling
process under a pressure of 75 GPa. The phase transformation from a disordered to a
crystalline structure occurs in the temperature range of 3950 K to 3650 K. This phase
transition obeys Ostwald’s rule of stages. At 3500 K, the majority of N atoms adopt an
fce lattice forming spinel y—Si3N4, while a significant fraction exhibit hep and disordered
structures. The hep and disordered regions are intermixed at the grain boundaries of y—SizNa.
With decreasing temperature, the fractions of fcc and hcp atoms increase gradually, while
the fraction of disordered atoms decreases. The local-entropy analysis also shows that the
model at 4500 K still contains a cluster of solid-like atoms, and the model at 300 K still
contains a cluster of liquid-like atoms.
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