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Silicon nitride exhibits good mechanical properties and thermal stability at high temperatures. 
Since experiments have limitations in nanoscale characterization of the chemical structure and 
related properties, atomistic simulation is a proper way to investigate the mechanism of this 
unique feature. In this paper, the melt-quench method is used to generate the amorphous struc-
ture of silicon nitride; then the structural properties of silicon nitride under tensile deformation 
were studied by angular pair distribution functions. The corresponding mechanism of tensile 
stress induced structure rearrangement is explored.  
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INTRODUCTION 

Silicon nitride (Si3N4) is a hard ceramic with high wear resistance, low coefficient of thermal ex-
pansion and unusually high fracture toughness over a broad temperature range. These properties result 
in excellent thermal stability, which makes Si3N4 attractive for semiconductor applications, protective 
coatings, and X-ray mask materials [ 1 ]. However, the application of Si3N4 is restricted by its low 
fracture toughness. It becomes essential to understand the structural and mechanical properties of sili-
con nitride in order to control the film properties during fabrication. The initiation of a brittle fracture 
and the energy calculation of the process were addressed in the pioneering work based on continuum 
mechanics [ 2—4 ]. However, the crack path and changes in the structure during tensile deformation 
were not considered due to the limitations of continuum mechanics.  

The molecular dynamics (MD) simulation is especially suitable for the simulation of the struc-
tural and mechanical properties of materials at the atomic scale. Soules [ 5 ] reported studies of sodium 
silicate glass under tension loading; they showed that atomic bonds were elastically stretched at the 
beginning, then plastic deformation occurred, and finally a flaw formed, which resulted in separation. 
The stress-strain curve presented a brittle fracture as the tensile stress dropped rapidly after reaching 
the ultimate stress. Simmons et al. [ 6, 7 ] studied the fracture process of vitreous silica with a uniaxial 
strain at different strain rates. They found that the glass strength increased with increasing strain rates, 
which was attributed to the fact that the sample has more time to relieve its strain by a structural rear-
rangement of atoms at lower strain rates. A PDF analysis was performed to investigate the structure of 
interfacial regions in the Si3N4 nanophase [ 8 ]; they found the second and the third peak of PDF for 
Si—N to be much broader, and there is a decrease in the nearest-neighbor coordination of Si atoms in 
the interfacial regions. However, despite all these investigations, to our best knowledge, the structural 
characteristics during tensile deformation were still not studied.  

Our main interest is the tensile stress induced structural characteristics of Si3N4. At first, the melt-
quench method was used to generate the amorphous structure of silicon nitride. Then a tensile loading 
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was applied and the corresponding structural rearrangement were studied by PDF, structure factor and 
angular distribution.  

METHODOLOGY 

Molecular dynamics simulation requires the definition of a potential function for particle interac-
tions in the simulation. The Tersoff potential [ 9 ] is a three-body potential function that includes an 
angular contribution of the force. It is widely used in various applications for silicon, carbon, SiC, and 
Si3N4, in which the angles between the atoms act as an important factor. We chose the Tersoff poten-
tial to simulate silicon nitride and the potential parameters of [ 10 ] were used. The N—N attractive 
item in the potential energy for Si3N4 and SiCN was turned off to avoid generating N2 gas [ 11, 12 ]. 
The model contains 108843 atoms that correspond to a density of 3.5 g/cm3. The melt-quench tech-
nique is used to generate the amorphous structures of silicon nitride from random distributed atoms in 
the simulation box. To mimic the melt-quench process, the system is heated to a very high temperature 
in order to simulate melting and then is rapidly cooled down to room temperature. After some test 
simulations, the following procedure is proposed, which can generate structures with relatively low 
energy.  

1) The system is heated to 8000 K by 20 ps of NVT simulation in order to make it jump out the 
local energy minimum.  

2) Cool the system down to a secondary high temperature 3000 K for 10 ps.  
3) Fix the system temperature at 3000 K for 500 ps.  
4) Further cool the system down to room temperature for 2000 ps.  
5) Equilibrate the system at room temperature for 10 ps.  
Lammps codes [ 13 ] are used to conduct the simulations. The stress tensor for the atom i is given 

by the following formula, where a and b take on values x, y, z to generate the 6 components of the 
symmetric tensor [ 13 ]. The first term is a kinetic energy contribution for the atom i, the second term 
is a pairwise energy contribution where n loops over its neighbors. r1/r2 and F1/F2 are the positions 
and the forces of the two atoms resulting from the pairwise interaction. The third term to the sixth term 
are contributions of bond, angle, dihedral, and improper interactions which the atom i involves. The 
final term accounts for internal constraint forces applying to the atom i. 
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The partial static structure factors are calculated to investigate the structure features on intermedi-
ate length scales. It is de�ned as [ 14 ] 
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where N is the number of atoms of the type , q is the wave vector, and rkl = rk – rl is the distance 
vector between the particle k and particle l. Based on these partial static structure factors, the neutron 
static structure factors can be calculated as 
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where c and c� are the concentration of - and �-type atoms, and b and b� are the coherent neutron 
scattering cross sections for - and �-type atom nuclei.  

RESULTS AND DISCUSSION 

The generated a-Si3N4 structure is shown in Fig. 1, it can be observed that silicon atoms are 
bonded to nitrogen atoms and no N—N bond is present.  

The atomic correlations are investigated by partial pair distribution functions (PDFs), which are 
shown in Fig. 2. As shown in Fig. 2, a, the Si—N bond length is determined by the sharp peak ob-
served at rSiN = 1.75 Å, which contributes to the first peak of the total correlation function. The second 
nearest neighbor distance for Si—Si is 2.9 Å, which contributes to the third peak of the total correla-
tion function. As expected, the calculated total PDF is also close to the experimental result [ 15 ]; the 
comparison of the simulation and experiment is shown in Fig. 2, b. 

A tensile loading was applied by displacing the box in the z direction with a strain of 0.0025 for 
every 10 ps. In the following, the comparisons of the structural features for unstrained and strained 
Si3N4 are presented. From the PDF data it follows, as shown in Fig. 3, that the tensile stain results in a 
very short bond length present in the deformed structure, which is due to the compression in the x and 
y directions. And this also causes lower and broader peaks in the PDF of the strained structure.  

Further information about the local structure is provided by the angular distribution, as shown in 
Fig. 4. The Si—N—Si distribution is narrow and shows a peak around 120�, which is in agreement 
with the peak at 121� in the experiments [ 16 ]. The N—Si—N distribution is wider than the above 
case; it ranges from 90� to 130�. Similarly to the PDF results, the angular distribution of the strained 
structure also presents lower and broader peaks. Meanwhile, the Si—N—Si and N—Si—N distribu-
tions show a trend to have smaller angles, while N—Si—Si and Si—N—N show an opposite trend.  

 
 

Fig. 2. Partial and total PDFs obtained by the MD simulation and compared with the experimental result [ 15 ] 
 
 

 

Fig. 1. Generated amorphous Si3N4
structure obtained by the melt quench 
method (Si and N atoms are presented 
     in blue and white respectively) 
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Fig. 3. Comparison on PDF results for unstrained and strained Si3N4 

CONCLUSIONS 

In this study, we applied the molecular dynamics simulation to study the structural characteristics 
of silicon nitride under tensile deformation. The melt-quench method was used to obtain the amor-
phous structures and the Tersoff potential was used for all the simulations. The simulations results 
show that the methodology used here can reproduce the important structural properties of a-Si3N4. The 
comparison of the unstrained and strained structures shows that the deformed structure presents lower  
and broader peaks in the PDF and angular distribution. These changes could be used to indentify the 
stress state of silicon nitride.  
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Fig. 4. Angular distributions of the Si3N4 structures 
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