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Abstract : The realistic pure, Ge and O substituted SizN, nanostructures are optimized and simulated
successfully using B3LYP/LanL2DZ basis set. Structural stability and electronic properties of a-SizN4 and f-
SigN, nanostructures are studied in terms of calculated energy, electron affinity, HOMO — LUMO gap and
ionization potential. Dipole moment and point symmetry group of silicon nitride nanostructures are also
reported. The stable nanostructures of silicon nitride are discussed with the help of substitution impurity. The
structural stability & electronic properties can be fine-tuned with impurity substitution and creating defects in
nanostructure which find its potential importance in cutting tools, engine components and microelectronic
devices.
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Introduction

Silicon nitride (SisNg) is an important ceramic material owing to its mechanical, chemical and
electronic properties; it has been used in cutting tools, engine components and microelectronic devices due to its
excellent mechanical properties. SizNy4 is chemically inert and has a wide-band gap with high dielectric constant
[1-3]. The other significant property of SisN4 is good resistance to oxidation, high hardness, corrosion, high
mechanical strength and thermal shock [4-8].

There are many methods in the synthesis of SisN4 such as direct nitridation, nitridation of SiO, and
carbothermal reduction, chemical vapor phase technique, self-propagation combustion at high-temperature and
thermal decomposition of Si(NH), [9-12]. The experimental and theoretical electronic band gap of SisN, is
around 5.1 -5.3 eV [13-15] and 6.7 eV [16] respectively. In the past two decades, SisN4 thin films are
synthesized and studied as a passivation layer for silicon solar cells and antireflection coatings [17-22]. The
quality and properties of these films are influenced by their stoichiometry and structure, which are primarily
dependent on deposition technique such as pressure, gas-phase composition and temperature [23]. The
optimized crystal structure of SisN,4 has been reported [24-26]. Many works are reported by authors who mainly
concentrated in nitridation of Si (111) surfaces and Si (100) surfaces [27, 28].

In this work, both a-SizN4 and B-SisN, nanostructures are optimized and simulated successfully using
density functional theory (DFT) [29-31]. The substitution of impurities such as oxygen and germanium are
incorporated in pure silicon nitride nanostructure to enhance the structural stability and electronic properties of
SisN4 nanostructures.

Computational details

The pure structure and O & Ge substituted a-SisN, and B-SisN, nanostructures are optimized
successfully with Gaussian 09 package [32]. The present work explores the structural stability and electronic
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properties of silicon nitride. The nanostructures of SisN, are optimized by Becke’s three-parameter hybrid
functional in combination with Lee-Yang-Parr correlation functional (B3LYP) and LanL2DZ basis set. For
optimization of SizN4 nanostructures, LanL2DZ is the appropriate basis set, since it is applicable to the elements
such as H, Li-La and Hf-Bi [33, 34]. Gauss Sum 3.0 [35] is used to determine HOMO — LUMO gap and DOS
spectrum of SisN,4 nanostructures.

Results and discussion

The present work primarily focuses on dipole moment (DM), electron affinity (EA), HOMO — LUMO
gap, calculated energy, ionization potential (IP) and point group (PG) of pure, O and Ge substituted a-SisN4 and
B-SisN4 nanostructures. Figure 1 (a) — Figure 1 (c) represents pure, O and Ge substituted a-SisN4 nanostructures
respectively. In that order, pure SizN4 nanostructures has thirteen N atoms and eleven Si atoms to form a mesh
like structure, O substituted a-SizN4 nanostructures consists of eleven Si atoms; eleven N atoms and two N
atoms are replaced with two O atoms followed by Ge substituted a-SizsN4 hanostructures which contains thirteen
N atoms, ten Si atoms and one Si atom are replaced with one Ge atom. Figure 1 (d) illustrates the defect
structured o-SisN, nanostructure with the removal of two N atoms and one Si atom in pure o-SizsN4
nanostructures. Figure 1 (e) — Figure 1 (g) denotes pure, O and Ge substituted B-SisN4 nanostructures. The pure
B-SisN, nanostructure has twelve N atoms and twelve Si atoms to form tube-like structure. O substituted p-
SizN4 nanostructure consists of ten N atoms; twelve Si atoms and two N atoms are replaced with two O atoms.
Ge substituted B-SisN4 nanostructure contains twelve N atoms; eleven Si atoms and one Si atom are replaced
with one Ge atom. Figure 1 (h) represents a defect structured B-SisN4 nanostructure in which two N atoms and
one Si atom are removed.

Figure. 1(b) Structure of O substituted a-SisN, nanostructure
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Figure. 1(f) Structure of O substituted p-SisN, nanostructure
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Figure. 1(g) Structure of Ge substituted B-SizN, nanostructure

Figure. 1(h) Defect structured B-SisN4 nanostructure

In this work, the structural stability of both a-SisN4 and B-SisN, nanostructures are discussed through
calculated energy. Table 1 displays calculated energy, point group and dipole moment of SisN, nanostructures.

Table. 1 Energy, point symmetry and dipole moment of silicon nitride nanostructures

Dipole

Nanostructures Energy (Hartrees) ~ moment gomt
roup
(Debye)

Pure a-SisN, nanostructure -748.45 11.12 C:

O substituted a-SisN4 =789 .4 7.49 C
nanostructure

Ge substituted a-SisNy4 74837 12.21 Ci
nanostructure

Defect structured a-SisN, 635.67 11.09 C,
nanostructure

pure B-SisN4 nanostructure -697.89 0.001 C

O substituted B-SisN, -738.78 6.88 C
nanostructure

Ge substituted B-SisN, -697.77 0.31 C
nanostructure

Defect structured p-SisN,4 -585.06 13.66 Ci
nanostructure

The calculated energy of pure, O and Ge substituted a-SizN4 nanostructures are -748.45, -789.4 and -
748.37 Hartrees respectively. In that order calculated energy of pure, O and Ge substituted B-SizNg4
nanostructures are -697.89, -738.78 and -697.77 Hartrees respectively. It implies that one way to increase
structural stability of silicon nitride is by substituting the acceptable amount of O atoms. In contrast, the
structural stability of defect structured SizN4 nanostructures decreases owing to removal of atoms from regular
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structure. Interestingly, the calculated energy for both pure and Ge substituted SizsN4 have the same energy, only
the change is noticed in the fractional part. Dipole moment gives the perception of the uniform charge
distribution along SisN4 nanostructures. Compared to a-SizNg, B-SisN4 nanostructures have a low dipole
moment. It shows that the atoms are perfectly arranged in a regular manner and uniform charge distribution is
seen in B-SizN4 nanostructures rather than a-SisN4 and defect structured SisN, nanostructures. The pure, O, Ge
substituted a-Si3N4 and defect structured a-SisN, nanostructures have the corresponding DM of 11.12, 7.49,
12.21 and 11.09 Debye respectively. Similarly, in that order, B-SisN, nanostructures have the DM value of
0.001, 6.88, 0.31 and 13.66 Debye. C; point symmetry is observed for all SisN, nanostructures which have one
symmetry operation, identity operation E.

Density of states and HOMO-LUMO gap of SizN4 nanostructures

The electronic properties of SizN, nanostructures can be examined in terms of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [36, 37]. The energy gap value
for pure B-SisN4 nanostructures has 6.19 eV. This infers the electrons in the valence band needs more energy to
transit towards the conduction band. However, the HOMO — LUMO gap of SisN, nanostructures can be fine-
tuned with the help of substituting acceptable impurities such as O and Ge element. The energy gap values for
O and Ge substituted B-SisN, nanostructures have 3.01 and 6.17 eV respectively. It is observed that the gap
between the valence band and the conduction band is comparatively low with pure B-SisN4 nanostructures.
Defect structured B-SizN4 nanostructure HOMO — LUMO gap value is 3.82 eV, which are lower than pure f-
Si3N, nanostructures. The creation of defect at the particular site in B-SizN4 will also change the band gap. From
this, it inferred that the position of the defect also plays a vital role in decreasing the HOMO — LUMO gap.

In a-SisN4 nanostructures, both alpha and beta gap arise due to up spin and down spin of electrons. The
band gap value of pure, O and Ge substituted a-SisN, nanostructure with spin up alpha gaps are 5.09, 5.39 and
5.27 eV respectively. Likewise, for spin down beta band gap values are 5.04, 5.21 and 4.71 eV respectively.
These low-energy gaps are highly reactive in chemical reactions. Table 2 shows visualization of HOMO -
LUMO gap and density of states (DOS).

Table. 2 HOMO-LUMO gap and density of states of SizN4 nanostructures

Nano HOMO - LUMO Visualization E
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The visualization of HOMO — LUMO clearly represents the electron cloud in occupied and virtual
orbital. The green color cloud shows the HOMO and red color shows the LUMO electrons in SizNy4
nanostructures. Surprisingly, on observing DOS spectrum, the charge density is low in occupied orbital and
high in virtual orbital for pure, O and Ge substituted SisN, nanostructures. This refers the localization of
charges along the virtual orbitals than in occupied orbitals. The overlapping of Si and N orbitals leads to
localization of charges in virtual orbitals. Since the electronic configuration of Si is [Ne] 3s? 3p® and N is 1s? 25
2p®, when they overlap it gives rise to localization of charges along the virtual orbital [38, 39].

lonization potential and electron affinity of SisN4 nanostructures

The electronic properties of SisN, nanostructures can also be described in terms of electron affinity
(EA) and ionization potential (IP) [40, 41]. The graphical representation of EA and IP of SisN, nanostructures
are shown in Figure 2. The amount of energy needed to detach an electron from SizN4 nanostructure is known
as IP. The amount of energy released during the addition of electrons in SisN4 nanostructures is known as EA.
Almost same IP values are observed for all possible a-SizN4 and B-SisN4 nanostructures within the range of 8.13
— 8.78 eV, except for O substituted and defect structured B-SisN, nanostructures and the corresponding values
are 6.69 and 7.28 eV respectively. Therefore, comparatively more energies are required for detaching the
electron from Si3N, nanostructures rather than O substituted and defect structures B-SisN4 nanostructures. EA
play a vital role in chemical sensors and plasma physics. Approximately same values of the EA are observed for
Si3N, nanostructures within the range of 2.56 — 3.68 eV. It implies that the moderately small amount of energies
is released due to addition of electrons in SisN, nanostructures.
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Figure. 2 IP and EA of SisN4 nanostructures
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Conclusions

With the help of DFT method, the realistic structures of pure, Ge and O substituted SizN,4
nanostructures are optimized and simulated successfully using B3LYP/LanL2DZ basis set. The structural
stability of a-SizN4 and B-SizNy4 are discussed in terms of calculated energy. The electronic properties of a-SizNy4
and B-SizN, are studied with HOMO-LUMO gap, DOS spectrum, electron affinity and ionization potential.
Dipole moment and point symmetry of a-SizN4 and B-SizN,4 are also reported. The present work provides insight
on the structural stability and electronic properties of a-SisN4 and B-SisN4 with substitution impurity and defect
in the nanostructure. Moreover, the structural stability and electronic properties of SisN4 nanostructures can be
enhanced with proper substitution impurity and creating defect in the nanostructure, which find its importance
in cutting tools, engine components and microelectronic devices.
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