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Using a density-functional scheme, we investigate the electronic, structural, and vibrational properties of
amorphous silicon nitride. Through a Car-Parrinello molecular-dynamics simulation, we generate a model
structure formed mainly by a network of SiN, tetrahedra a large fraction of which are edge sharing. Only a
small fraction of atoms are overcoordinated and undercoordinated. First, the structural properties such as
angular distributions, atomic arrangements in first-neighbor shells, the neutron total structure factor, the radial
distribution function, and pair-correlation functions are examined. Next, the electronic properties are analyzed
by considering the quasiparticle density of states which is calculated through the GW method. Good agreement
is found with experimental data when available. Successively, we focus on a range of vibrational spectra. First,
the vibrational density of states is analyzed in terms of its decomposition into N and Si contributions. Then, we
investigate the Born effective charge tensors, the high-frequency, and static dielectric constants and calculate
the real and imaginary parts of the dielectric function in the infrared. Therefrom we obtain the infrared-
absorption spectrum and the refractive index that are found to be in accord with experimental measurements.
Moreover, we address the Raman spectrum which is compared with available experimental data. Electronic
structure and vibrational properties of the point defects present in our model are also discussed. Density-
functional and GW schemes appear to be appropriate for modeling materials based on silicon nitride. In
particular, our modeling of silicon nitride achieved a successful level of comparison with experiments. This
allows us to infer that a-SisN, features a high content of edge-sharing tetrahedra, which are absent in the

crystalline phases of silicon nitride at ambient conditions.
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I. INTRODUCTION

Silicon nitride (Si3;N,) is used in several fields of materi-
als engineering where its mechanical and electronic proper-
ties lead to a wide range of applications.! In mechanical en-
gineering, it is used as a material for cutting tools and engine
parts. In microelectronics, amorphous silicon nitride
(a-SizN,) is used to fabricate insulating layers in triple
oxide-nitride-oxide structures.? In particular, because of its
high concentration of charge traps, a-Si3Ny is employed as
charge storage layer in nonvolatile memory devices.> More-
over, silicon nitride based materials are nowadays proposed
for optoelectronic devices.* Thin films of a-Si;N, are grown
either through chemical-vapor deposition (CVD) (Ref. 5) of
silane and ammonia gases or through physical-vapor deposi-
tion (PVD).® Films obtained through CVD can contain a
non-negligible fraction of hydrogen as deduced by the inten-
sity of infrared-absorption peaks corresponding to the Si-H
and N-H stretching modes around 2220 and 3300 cm™,
respectively.”® On the contrary, PVD techniques can give
films with extremely low or no-hydrogen content. Yet, thin
films produced by PVD techniques, e.g., by sputtering,'? are
usually affected by the presence of inhomogeneities. Thus
growing high-purity and high quality thin films results of
difficult control within both deposition techniques.

In a-Si3Ny silicon atoms are fourfold coordinated forming
regular SiN, tetrahedra. The latter are connected by corners
in such a way that each N atom is shared by three tetrahedra.
Nitrogen atoms are threefold coordinated, with the silicon
neighbors arranged at the vertices of a planar triangle. This
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results in a quite rigid network structure. Furthermore the
a-Si3N, network is supposed to contain not only corner shar-
ing but also edge-sharing SiN, tetrahedra.!! This structural
picture mainly stems from the analysis of neutron and x-ray
diffraction data.'>!> However the knowledge which can be
easily obtained from these experiments is limited to the
atomic arrangements in the first- and second-nearest-
neighbor shells.'* Electronic spectra, such as the direct and
inverse photoemission, and vibrational spectra, such as infra-
red and Raman permit to access a larger range of properties.
However, the interpretation of the electronic and vibrational
spectra is usually nontrivial and requires accurate
modeling.'>~!® During the last decade, first-principles meth-
ods based on density-functional theory (DFT) (Ref. 19), and
its extensions to excited states’?® have become extremely
valuable tools for the investigation of the electronic and vi-
brational spectra of amorphous materials. Indeed, it is now
possible to calculate from first principles a wide range of
spectra for model structures which can be generated also
through first-principles molecular-dynamics approaches.
First-principles spectroscopy has been successfully applied
to the study of amorphous SiO,, GeO,, GeSe,, and
B,0;.1421-23

Although the structure of a-Siz;N,4 has been already mod-
eled through classical potentials?*~>’ and density-functional
schemes,!!?831 computational spectroscopy investigations
that model extended sets of experimental spectra are still
lacking. Here, we provide a thorough analysis of a-SizNy
based on first-principles spectroscopy. Our goal is twofold:
first, we want to check the reliability of first-principles
density-functional methods for the simulation of structural,
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electronic, and vibrational spectra. Second, having validated
our approach, we provide an analysis of the calculated spec-
tra in terms of microscopic contributions. Through Car-
Parrinello molecular dynamics we generate a model structure
of a-Si3N, showing high topological and chemical order. A
structural analysis of our model shows that more than 90%
of the Si atoms belong to regular tetrahedral units. Corre-
spondingly, the largest part of N atoms show threefold coor-
dination. Then, we calculate the neutron structure factor, the
electronic and vibrational densities of states, the infrared and
Raman spectra. The electronic density of states (DOS) is
calculated through the GW approximation®?—** of the many-
body perturbation theory framework.* An overall good
agreement is found with experimental data when available.
Furthermore, the presence of undercoordinated and overco-
ordinated atoms in our model structure allows us to address
structural, electronic, and vibrational properties of typical
point defects found in experimental samples. We conclude
that a-SizN, consists of a network of almost equivalent
amounts of corner- and edge-sharing SiN, tetrahedra, to-
gether with a small fraction of Si and N atoms overcoordi-
nated or undercoordinated.

This paper is organized as follows. In Sec. II, we describe
the generation of our model structure of a-SizN,4, and we
report the technical details of our electronic-structure calcu-
lations. In Sec. III, we address the structural properties of
a-SizNy. In particular, we report bond-length and bond-angle
distributions, the neutron total structure factor, the radial dis-
tribution function (RDF) and the pair-correlation functions
(PCFs). In Sec. IV we give and analyze the electronic density
of states of our model structure which is calculated through
an accurate GW scheme. The electronic properties of the
defects in our model structure are also discussed. The local-
ization of the electronic states is then discussed through the
inverse participation ratio. Section V is devoted to the vibra-
tional density of states (v-DOS), which is analyzed in terms
of Si and N contributions. Moreover, partial vibrational den-
sity of states of point defects are calculated and analyzed.
Section VI focuses on infrared properties, such as the dy-
namical Born charges and the dielectric function. Then, the
infrared-absorption spectrum and the refractive index are
given and compared to experimental results. In Sec. VII, we
address the Raman spectra. Finally, Sec. VIII contains the
conclusions of our work.

II. MODEL GENERATION AND TECHNICAL DETAILS
A. Technical details

In the present work, we have performed first-principles
electronic-structure calculations based on density-functional
theory. For generating the model structure of a-SisN, we
carried out molecular-dynamics simulations using the Car-
Parrinello method.?®37 In particular, we used the computa-
tional codes and pseudopotentials from the QUANTUM-
ESPRESSO package®® The exchange and correlation
functional was approximated through the local-density ap-
proximation (LDA).3° Core-valence interactions were de-
scribed through ultrasoft pseudopotentials*® for N and H at-
oms and through a norm-conserving pseudopotential for Si
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atoms. The electronic wave functions and the charge density
were expanded using plane-wave basis sets defined by en-
ergy cutoffs of 25 and 200 Ry, respectively. The Brillouin’s
zone was sampled at the I' point. The electronic density of
states was then calculated through a GW approach*! based on
the analytic continuation scheme which permits to overcome
the simpler plasmon-pole approximation.’* First, the polar-
ization propagator basis was obtained including 750 conduc-
tion states and a cutoff s,=0.1 a.u., then for calculating the
quasiparticle energies we considered 1500 conduction
states.*! We derived the vibrational frequencies and eigen-
modes by diagonalizing the dynamical matrix,'"* which we
calculated numerically by taking finite differences of the
atomic forces. To this purpose we used atomic displacements
of 0.05 bohr. For accessing the infrared and Raman spectra,
we took advantage from the finite electric field scheme.'®
Indeed, we obtained the relevant coupling tensors by numeri-
cally calculating first and second derivatives of the atomic
forces with respect to the electric fields.'**> We applied
fields of =0.002 a.u. We checked the convergence of the
coupling tensors by considering an additional set of forces
obtained by applying electric fields of *=0.001 a.u. but
found negligible modifications of the calculated spectra.

B. Model generation

The model was generated starting from a diamond-cubic
model of crystalline silicon which was changed into SizN,
by addition of N atoms at intermediate distances between
Si—Si neighbors. The initial model structure contained 64 Si
and 86 N atoms in a periodically repeated cubic cell. A com-
position ratio r=[N]/[Si] of 1.34 was chosen slightly differ-
ing from the ideal stoichiometry in order to trigger the for-
mation of defects. We set up the density to the experimental
value of 3.1 g/cm®.*3* Molecular dynamics runs were then
performed for obtaining the model of a-Si;N,. First the sys-
tem was thermalized at the temperature of 3500 K for 12 ps
using a Nosé-Hoover thermostat.*’ Successively, the sample
was quenched for 5 ps down to 2000 K below the theoretical
melting point. Finally, the structural geometry was further
optimized by a damped molecular-dynamics run. As the
model presented an empty state close to the top of the va-
lence band, we passivated it by adding to the structure two H
atoms in proximity of the two Si atoms which were threefold
coordinated.3%#® After structural relaxation, the H atoms
moved close to two near N sites. We note that the structural
and electronic properties of our model were only marginally
affected by the addition of the two H atoms. Snapshots of the
final structure are given in Fig. 1.

III. STRUCTURAL PROPERTIES
A. Model structural analysis

We analyze the short range order of our model by consid-
ering bond-angle and bond-length distributions (Table I). The
average Si-N bond length equals to 1.730 A with a standard
deviation (std) of 0.060 A. This value is found in excellent
agreement with the experimental bond length of 1.729 A.'?
In Fig. 2(a), we display the Si-N bond-length distribution.
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FIG. 1. (Color online) Snapshots of the a-Si;N, model. Si atoms
and N atoms are colored with dark and light gray, respectively.
Threefold and fivefold coordinated Si atoms are colored in purple
and yellow, respectively. Twofold and fourfold coordinated N atoms
are colored in red and green. Hydrogen are colored in pink. Defect
atoms are also labeled according to the text.

This shows a peak at ~1.73 A with a width close to those
registered in other amorphous materials?! and slightly wider
than that found for the Si-O bond length in silica.'* The two
H atoms present in our model are bonded with N atoms with
bond lengths of 1.03 and 1.04 A.

Our model structure shows well defined SiN, tetrahedral
units. As we can see from the distribution of the N-Si-N
angle, which is reported in Fig. 2(b), the average N-Si-N
angle equals 109.1° with a standard deviation of 13°. This is
very close to the ideal angle of 109.47° for regular tetrahe-
dra. Moreover our structure shows also well defined quasi-
planar NSi; units. We give in Fig. 2(b) the Si-N-Si bond-
angle distribution: the average Si-N-Si angle equals 117.2°
with a standard deviation of 15°. This is consistent with
the value of 120° for regular planar NSi; units. The amount
of SiN, tetrahedra and NSi; triangular units is reported in
Table II where we give the coordination numbers in the first-
neighbor shells of Si and N atoms, together with the relative
Si-N bond length averages. The majority of Si atoms is four-
fold coordinated and shows an average Si-N bond length of
1.73 A. Few Si atoms are threefold or fivefold coordinated.
Correspondingly, almost all nitrogen atoms are bound to
three silicon and only a few show twofold or fourfold coor-
dination. Consequently, our model shows at short-range high
topological and chemical order. The presence of N atoms
twofold coordinated (N[2) and Si atoms threefold coordi-
nated (Si®)) in silicon nitride samples is experimentally es-
tablished by means of electron-paramagnetic resonance.*’
Moreover, these types of defects have been the object of past

TABLE 1. Structural properties of our model of a-SizN, and
reference values: average Si-N-Si and N-Si-N angles and average
bond length dg;n. The respective standard deviations are given in
parenthesis.

/ Si-N-Si /N-Si-N dgin(A)
Model 117.2° (15.1°) 109.1° (13.0°) 1.73 (0.06)
Ref. 120° @ 109.47° @ 1.729P

4Ideal bonding geometry.
PExperiment (Ref. 12).
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FIG. 2. (a) Distribution of Si-N bond lengths. A Gaussian broad-
ening of 0.015 A is used. (b) Distributions of the Si-N-Si (solid)
and N-Si-N angles (dot dashed). Contributions from angles Si-N-Si
and N-Si-N in twofold rings are shown (dotted and dashed, respec-
tively). Normalization to unity and a Gaussian broadening of 2.5°
are used.

investigations which demonstrated that they can act as deep
electron traps.! Experimental estimates of the concentration
of twofold coordinated N and threefold coordinated Si range
between 10'7 up to 10%° cm™.*8 Ab initio calculations with
supercells of a size large enough for having realistic concen-
trations of these defects are currently not affordable. Hence,
ab initio simulations currently lead to overestimating the ex-
perimental concentrations. In our model only few coordina-
tion defects are present and thus the actual overestimation is
as low as feasible.

Though there is no direct experimental evidence of five-
fold coordinated Si atoms (Si®)) in silicon nitride, several
experimental works have found Si®°! atoms in silicate
glasses.*> We are not aware of experimental evidence of
fourfold coordinated N atoms (N[4]). The concentrations of
coordination defects in our model might be affected by the
delocalization issue of standard DFT.”° However, it is not yet
clear if more advanced DFT approaches such as hybrid func-
tionals or self-interaction correction (SIC) methods would
avoid the presence of overcoordination defects. The use of
hybrid functionals or SIC could improve the description of
the electronic properties of defects states,’! but their compu-
tational cost prevents to use them for the long molecular-
dynamics simulations necessaries for quenching a liquid, es-
pecially for large systems. Moreover, though SIC is known
to work for treating an unpaired electron or hole,>? none
general and reliable SIC scheme has been developed so far.”3

N[2) and SiPl atoms in our model structure form bonds
that are considerably shorter than the model average.’* In-
deed, for the N2 atoms, we register an average bond length
N-Si equal to 1.61 A, while for the Si*} atoms, we register
an average Si-N equal to 1.64 A. N atoms fourfold coordi-
nated and Si atoms fivefold coordinated show a Si—-N bond
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TABLE II. Composition of first-neighbor shells in our model of a-SizNy4. Coordination numbers of Si and
N atoms are indicated by the superscript number in square brackets. The number of Si and N atoms found in
our model for each coordination are indicated by ng; and ny. Average Si-N bond length dg;y (A) together with
its standard deviation (in parenthesis) is given for each composition. We used cut-off radii of 2.2 A,

Composition ng; dsin Composition ny dgin
sif? 2 1.64(0.05) N2 3 1.61(0.03)
sil# 59 1.73(0.05) N3] 79 1.73(0.05)
Sil*] 3 1.81(0.09) N[4] 2 1.85(0.09)
NSi;H 2 1.78(0.02)

length larger that the model average (Table II). The Si-N
bond lengths of the two N atoms having a H neighbor are
only slightly larger than the model average, suggesting that
hydrogen is just weakly affecting the Si-N bonds.

The Si-N-Si angle distribution [Fig. 2(b)] can give also
insight into the organization of the structural network beyond
short range. Indeed, beside the main peak, the Si-N-Si angle
distribution features a distinct peak at about 90°. This peak is
due to edge-sharing tetrahedra. Indeed an atomic configura-
tion involving edge-sharing tetrahedra gives rise to a twofold
ring in which Si and N atoms alternate at the vertexes of a
square. We note that this type of ring was shown to constitute
the main N defect in silicon®® and might play an important
role also in the silicon nitride network. Our model structure
contains sixteen twofold rings. These are found to be quasi-
planar, with an average sum of bond angles of 356.6° very
close to the ideal value of 360° for the perfectly planar ring.
In these rings, the average Si-N-Si angle amounts to 90.5°
with a standard deviation of 4.3° consistently with the distri-
bution depicted in Fig. 2(b). The Si-N bond length in twofold
rings averages to 1.76 A with a standard deviation of
0.08 A, slightly larger than the average bond length calcu-
lated by excluding the twofold rings (1.73 A). The crystal-
line phase B-Si3N, is formed by a structural network con-
taining three-, four-, and six-membered rings.’® The phase
a-SisN, whose primitive cell is larger than that of B-Si;N,
presents fivefold and sevenfold rings in addition.® Twofold
rings can be traced only in the high-pressure crystalline
phase.”” At variance our model of a-Si;N, features a notice-
able fraction of edge-sharing tetrahedra and therefore of two-
fold rings. Indeed, in our model 39% of the silicon and 31%
of the nitrogen atoms belong to twofold rings. Hence the
presence of edge-sharing tetrahedra might constitute one of

0 . | . | . |
0 5 10 15 20

Q (A1)

neutron structure factor

FIG. 3. Neutron structure factor at room temperature (solid)
compared to the experimental data (circles) from Ref. 12.

the main topological differences between a-SisN, and its
crystalline counterparts at ambient conditions.

B. Neutron structure factor

For assessing the quality of our model structure we cal-
culated the neutron structure factor at room temperature ac-
counting for the vibrations in the harmonic approximation.'’
We adopted scattering lengths of 9.36 and 4.149 fm for N
and Si, respectively.’® For simplicity, in the following struc-
tural analysis we did not take into account the H atoms that
are present in low concentration in our model. In Fig. 3, we
compare the calculated neutron structure factor with experi-
mental data.'> We note an overall nice agreement meaning
that our model describes well the structural properties of
Cl-Si3N4.

We calculated the RDF and the PCFs using Gaussian cor-
relations of which the spread is derived from vibrational
eigenmodes and frequencies obtained in the harmonic ap-
proximation. A detailed account of this approach is given in
Ref. 17. This formulation offers the advantage of accounting
for the zero-point motion and has been found to give a good
description of oxide glasses at 300 K.>*% Figure 4 shows the
RDF calculated at room temperature compared to the neu-
tron scattering data of Ref. 12. Overall, we register a good
agreement between experiment and theory. In particular, the
calculated and experimental RDF well agree in correspon-
dence of the two main peaks at 1.73 and 2.81 A. We notice
in the experimental RDF the presence of a small feature at
about 1.2 A, which is absent in the calculated RDF. This
feature might arise from the presence in the experimental
samples of H atoms which have been neglected in the calcu-
lation.

20 -

S0l

FIG. 4. Radial distribution function of a-Si3N, calculated at
room temperature (solid) and experimental data (dotted) from
Ref. 12.
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FIG. 5. Pair-correlation functions of a-Si;Ny calculated at room
temperature (solid).

Figure 5 shows the PCFs calculated at room temperature
for our model of a-Si;N,. The Si-N PCF is dominated by a
strong peak in correspondence of the Si-N bond length,
clearly corresponding to the first peak in Fig. 4. A spherical
integration of the first peak in the Si-N PCF gives a coordi-
nation number of 4.02, consistently with the tetrahedral local
environment of the Si first-neighbor shell. The main peak in
the Si-Si PCF is located at 3.03 A. The smaller peak at
2.42 A is a fingerprint of the presence of edge-sharing tet-
rahedra. This together with the main peak, which stems from
corner-sharing tetrahedra, reflects the Si-N-Si angle distribu-
tion [Fig. 2(b)]. We suggest that a higher content of edge-
sharing tetrahedra might improve the agreement between cal-
culated and experimental RDF around 2.4 A (Fig. 4). The
main peak in the N-N PCF is located at 2.76 A. This gives
origin to the second peak in the RDF at 2.81 A. The small
difference in position should be attributed to the contribution
of the Si-Si PCF to the RDF.

IV. ELECTRONIC STRUCTURE

We show in Fig. 6(a) the electronic DOS for our model
calculated with the GW approach together with the partial
densities of s and p states for the Si and N atoms. The lowest
part of the valence band mainly arises from N 2s states.
While the low-energy side of the upper part of the valence
band results from the Si-N bonds, formed by Si sp* and N 2p
orbitals, the high-energy side, which defines the top of the
valence band, consists of N 2p lone pairs. The low-energy
side of the conduction band mainly consists of antibonding
states associated to the Si-N bond. We note that the origin of
the bands is analogous to the cases of SiO, (Ref. 61) and
GeO, (Ref. 17), reflecting the common type of short-range
arrangement of atoms based on the tetrahedral unit. Similar
conclusions were obtained for electronic densities of states
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FIG. 6. (Color online) (a) Electronic density of states (black)
and partial DOS obtained by projecting electronic states onto N 2s
(blue/dotted), N 2p (red/dot-dashed), Si2s (purple/dashed) and
Si2p (green/double dot-dashed). The highest occupied state is
aligned at 0 eV. Gaussian broadening of 0.25 eV is used. GW en-
ergies are used. (b) Inverse participation ratio (IPR) of electronic
states in silicon nitride.

calculated through an approximate density-functional
scheme® and through a tight-binding approach.®® Moreover,
the calculated valence band is consistent with photoemission
spectra.®

We focus now on the role played by the defects in the
density of states. In Fig. 7(a) we give the partial DOS ob-
tained by projecting the electronic states onto the 1s orbitals
of the two H atoms of our model structure. The partial DOS
of H atoms constitutes a very small contribution to the total
DOS of Fig. 6. In Figs. 7(b) and 7(c) we show the partial
DOS obtained by projecting the electronic states onto the 2p
and 2s orbitals of the N2 and NIl atoms and of the Si*} and
Sit5] atoms. The partial DOS of N*! atoms and Sil®) atoms do
not show features localized near the band edges. At variance,
the partial DOS of the N2 atoms shows a sharp peak at the
top of the valence band, while the partial DOS of Sil*! atoms
exhibits sharp peaks close to the bottom of the conduction
band.® As Fig. 7(a) illustrates, these peaks are originated by
N and Si2p orbitals of NI2! and Sil*l atoms, respectively.
Furthermore, the topmost occupied electronic state and the
first empty electronic state are spatially localized around a
NI atom and around a Sil*l atom, respectively. By excluding
these two defect states, we found a highest occupied molecu-
lar orbital-lowest unoccupied molecular orbital (HOMO-
LUMO) band gap of 4.42 eV in excellent agreement with the
experimental value of 4.55 eV of the optical band gap of
sputtered a-SizN, given in Ref. 66. However, we note that
the band gap is quite sensitive to the adopted production
method and for CVD samples is about 5.3 eV.% Yet, the GW
method appears to correctly describe the electronic density of
states where simpler LDA calculations fail giving for our
model structure a HOMO-LUMO band gap of only 2.9 eV,
as typical for LDA calculations in silicon nitride.3-6?

We now analyze the degree of localization of the elec-
tronic states. The localization of an electronic state can be
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FIG. 7. Partial DOS obtained by projecting the electronic states
onto (a) 1s orbitals of H atoms, (b) 2p and 2s orbitals of twofold
(solid) and fourfold (dotted) coordinated N atoms, (c) 2p and 2s
orbitals of threefold (solid) and fivefold (dotted) coordinated Si at-
oms. The highest occupied state is aligned at 0 eV. Gaussian broad-
ening of 0.25 eV is used. GW energies are used.

quantified by the inverse participation ratio (IPR).%” The
larger the IPR the more localized is the electronic state so
that highly localized or delocalized states show a large or
small IPR. In Fig. 6(b) we show the IPRs for the electronic
states of our model of silicon nitride. We note that the states
close to the band edges corresponding to N2 and Sil*! de-
fects result much more localized than the other electronic
states. These results are consistent with the IPR data previ-
ously calculated for a-SiN, in Ref. 30.

V. VIBRATIONAL PROPERTIES

In Fig. 8(a), we display the calculated v-DOS for our
model of silicon nitride together with its decomposition ac-
cording to H, N, and Si contributions. While the low-
frequency part of the spectrum, below ~550 cm™!, stems
equally from Si and N vibrations, the N character becomes
dominant in the high-frequency part, above ~750 cm™'.
We note that the contribution from H atoms is almost
negligible due to their low concentration and appears only
above 1000 cm~'. Although similar conclusions have
been obtained through classical molecular-dynamics
simulations,?”%%% our v-DOS differs at least in two aspects.
First, the width of our spectrum is about a hundred cm™!
narrower than that reported in Ref. 27. Second, our v-DOS
presents a peak at about 650 cm™' which is absent in the
classical molecular-dynamics results.?” This peak is origi-
nated mainly from Si motions.
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FIG. 8. (a) Vibrational density of states (v-DOS) of a-SisN, and
its decomposition into Si (dotted), N (dot-dashed), and H (dashed)
contributions. (b) Decomposition of the N contribution (solid) to the
v-DOS into rocking motions out of the plane of Si neighbors (dot-
ted) and into stretching motions in the plane of Si neighbors
(dashed). (Only threefold coordinated N atoms are taken into ac-
count.) A Gaussian broadening of 25 cm™' is used.

We further decomposed the nitrogen contribution to the
v-DOS according to three orthogonal directions defining the
local environment of the N atoms.” The first direction,
which we refer as rocking, is taken orthogonal to the plane of
the three Si neighbors. Then, the second one is taken along
the bisector of one of the three Si-Si-Si angle and the third
one is given by the cross product of the first two. The latter
two directions define the stretching motion in the plane of
the three Si neighbors. In Fig. 8(b) we show the partial
v-DOS accounting for N vibrations along rocking and
stretching directions. This decomposition shows that rocking
motions and stretching motions give rise to well separate
bands below and above 600 cm~'. The contribution to the
v-DOS due to rocking motions is maximal at about
440 cm™!, while the contribution due to stretching motions
totally accounts for the peak at ~900 cm™'. In the crystal-
line phases @-SisN, and B-Si;N, nitrogen vibrations in the
range 300-500 cm™' and above 800 cm~! have been re-
cently ascribed to bond bending (rocking) in NSi; triangles
and to bond stretching, respectively.”! Our analysis of the
nitrogen motion in amorphous silicon nitride agrees with this
assignment.

In order to understand how the point defects present in
our model structure (Table II) may affect the vibrational
spectra, we focus on the contribution to the v-DOS coming
from single atoms.”® In Fig. 9(a) we show the partial v-DOS
of the two H atoms of our model structure. The highest fre-
quency peaks at ~3300 cm™' arise from the stretching mo-
tion of the N-H bonds. The peaks at 657, 855, ~1060, and
1487 cm™! are related to motions of the hydrogen atoms in
the plane normal to the N-H bond. Furthermore, we note that
the frequencies of the three highest-frequency peaks at
~1060, 1487, and ~3300 cm™' in Fig. 9(a) are in good
agreement with the experimental infrared-absorption results
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FIG. 9. (Color online) (a) Contributions to the v-DOS of each H
atom in our model. (b) Contributions to the v-DOS of each twofold
coordinated (upper panel) and fourfold coordinated N atom (lower
panel) (c) Contributions to the v-DOS of each threefold (upper
panel) and fivefold coordinated Si atom (lower panel). A Gaussian
broadening of 25 cm™ is used.

of Ref. 72. In Fig. 9(b) we give the partial v-DOS for each
N2 and NI atom in our model structure. N2l atoms give
peaks at ~250, ~800 cm™!, and three main peaks at 1185,
1317, and 1425 cm™!, thus differing noticeably from the be-
havior of the nitrogen partial v-DOS which becomes negli-
gible above ~1200 cm™' [Fig. 8(a)]. For each NI?! atom, we
examined the nearest Si neighbor bond distances and found a
trend between the position of the highest frequency peaks
and the average Si-N bond distance. This is analogous to the
dependency of the bond stretching frequencies from the bond
length that is observed in silicon/oxides interfaces.”® In par-
ticular we remark that the frequency peak at 1425 cm™' is
obtained for the N[2J atom featuring the shortest average of
Si-N bonds (1.58 A). The other two peaks at 1317 and
1185 cm™! arise from stretching of bonds belonging to the
other two N2 atoms whose average Si-N bond lengths are
1.60 and 1.63 A, respectively. The partial v-DOS of N[
atoms gives main peaks at 524 and 727 cm™', but no inten-
sity above 1200 cm~'. We note that these peaks fall, respec-
tively, at the right side of the rocking and at the left side of
the stretching bands of the decomposition shown in Fig. 8(b).
By contrast, we remark that the partial v-DOS of NI?I atoms
gives the strongest peaks at the left side of the rocking and at
the right side of the stretching bands.

In Fig. 9(c) we show the partial v-DOS for each Si*} and
Si! atom in our model structure. Si”®! atoms give main
peaks at ~200 ¢cm™! and ~1000—1100 cm™'. Thus contri-
butions from Sil*) mainly appears at the right and left sides of
the Si band shown in Fig. 8(a). We note that the peak at
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~1425 cm™! in Fig. 9(c) corresponds to the peak at the same
frequency shown in Fig. 9(b). This is a consequence of the
fact that the N2J atom and the Sil*! atom under examination
are nearest neighbors (Fig. 1). Hence they share the same
bond stretching frequency. Finally, Sil>] atoms give contribu-
tions to the v-DOS markedly different from those pertaining
to Si®*) atoms and more resembling the average behavior of
Si atoms of Fig. 8. This indicates that Sil*] constitute only a
weak perturbation for phonons in silicon nitride. The present
analysis suggests that coordination defects in silicon nitride
contribute to the vibrational density of states mainly at the
edges of the rocking (250-550 cm™') and stretching
(750—1250 cm™!) vibrational bands. Similarly, we note that
past investigations on amorphous silicon have shown that
point defects contribute to the vibrational spectra at the sides
of the main vibrational features.”*”>

VI. INFRARED SPECTRA
A. Born charge tensors

We focus now on the dielectric properties in the infrared.
The coupling between vibrational motions and the electric
field can be described in terms of dynamical Born charge
tensors.’® Hence, we calculated Born charge tensors Z* for Si
and N atoms in our model. As the Si atoms have a predomi-
nant tetrahedral bonding configuration, the corresponding
Born charge tensors are expected to show a strong isotropic
character.”” Averaging over the Si Z*, we obtained’®

328 007 0.02
Zi=1007 333 -003 |, (1)
0.01 -0.03 3.36

with a standard deviation of ~0.33 a.u. for each element in
the matrix. Hence, the silicon Born charge tensors can be
considered isotropic with a value of about 3.33 a.u.

This result is consistent with calculations for the crystal-
line phase B-SisN, in Ref. 77 yielding an isotropic Born
charge of 3.38 a.u. Hydrogen atoms show an average Born
charge of 0.39 a.u. This value is consistent with typical val-
ues of hydrogen Born charges reported in the literature.””
Most of the N atoms are bonded, in a quasiplanar configura-
tion, with three Si neighbors. This allows us to report their
dynamical Born charge tensors with respect to a local refer-
ence system based on the orientation of the NSi; unit as done
in Sec. V for decomposing the N contribution to the v-DOS.
We take the x, y, and z directions along the bisector of a
Si-Si-Si angle, the normal to the plane of the Si neighbors,
and the normal to the two previous directions. By averaging
over all the threefold coordinated N atoms (N[3)) and for
each atom over three possible choices for the Si-Si-Si bisec-
tor, we found (in a.u.)

-292 0.02 -0.01
0.02 -1.70 -0.02
001 -0.02 -2.283

7= : 2)

with a standard deviation of ~0.20 a.u. for each element in
the matrix. Hence, the average Zy, tensor is well described by
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TABLE III. High-frequency (e€,) and static () dielectric con-
stants, calculated for our model of a-Si;N4. Experimental data are
taken from Refs. 80 and 81.

Model Expt.
€ 3.9 ~4.2
€ 8.8 6-9

a diagonal tensor as already found for the oxygen atoms in
silica and germania.'>!” The smallest coupling to the electric
field is found along the normal to the plane formed by the
three Si neighbors, while the largest coupling is found for
directions lying in the plane. We note that the isotropic av-
erage of the N Born-charge tensors yields —2.49 a.u. in ac-
cord with the value of —2.54 a.u. reported for the crystalline
phase B-SizN, in Ref. 77.

We finally considered the average Born-charge tensor
Z;[z] for the twofold coordinated N atoms and found (in a.u.)

-1.81 0.00 -0.10
Zym=| 001 -1.66 —0.04 |, (3)
-0.04 0.06 -3.56

where we have a standard deviation of ~0.1 a.u., and in
order to compare with Eq. (2), we chose the following as-
signment: the first axis is taken along the Si-N-Si bisector,
while the second axis corresponds to the perpendicular to the
Si-N-Si plane, and the third one is given by the cross product
of the first and second directions. We note that both the two-
fold and threefold coordinated N atoms show the same cou-
pling in the direction normal to the Si-N-Si plane. The iso-
tropic average of the Born-charge tensors for the NI?) atoms
yields —2.34 a.u. slightly smaller than the average
—2.49 au. NP atoms show an isotropic average Born
charge of -2.60 a.u. larger than the global average
—2.49 a.u. obtained for the N3 atoms. Hence, the dynamical
charge is found to decrease consistently with the increased
number of Si neighbors. For the threefold coordinated Si
atoms, we found an isotropic average Born charge of 3.24
a.u. slightly differing from the average for the Sil* atoms
(3.32 a.u.). Fivefold coordinated Si atoms show as expected
a larger isotropic average Born charge: 3.53 a.u.

B. Infrared absorption spectrum

We consider for our model structure the high-frequency
(€,.) and static (&) dielectric constants. The first is obtained
from the derivative, calculated by finite differences, of the
induced polarization with respect to the electric field.'3*? As
given in Table III, we found, upon averaging, a value of €,
=3.9, which is in fair accord with the value €,=4.2 reported
from experiments in amorphous silicon nitride.3® We calcu-
lated the €, by considering the vibrational frequencies and
their corresponding oscillator strengths as illustrated in Refs.
14 and 15. The static dielectric constant of amorphous silicon
nitride films can vary from 6 up to 9 depending on the film
density and stoichiometry.3! For instance, the static dielectric
constant for a stoichiometric film at a density 2.7 g/cm?® is
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FIG. 10. Calculated (solid) (a) real and (b) imaginary parts of
the dielectric function of a-Si3Ny in the infrared region compared to
experimental results of Ref. 83 (dotted). A Lorentzian and a Gauss-
ian broadening of 25 cm™! are used.

~7.5 and tends to be higher in more Si-rich films.%> The
calculated static dielectric constant for our model structure
has a value of €;,=8.8. At the light of the above discussion,
this value can be considered as in fair accord with the ex-
perimental literature.

The high-frequency dielectric constant, the vibrational
frequencies, and their corresponding oscillator strengths fully
determine the dielectric function in the infrared.!>!” In Fig.
10, we compare the real (€;) and imaginary (e,) parts of the
dielectric function calculated for our model of a-Si;N, with
experimental results.3® The €, features two broad peaks at
about 500 and 840 cm™! shifted by approximately 50 cm™!
with respect to the corresponding experimental features. In
correspondence to the two features of the e,, the €, shows
typical S-shaped resonances. The comparisons carried out in
Fig. 10 imply that the vibrational modes of our model struc-
ture are sufficiently good for describing the global shape of
the dielectric function. Particularly good is the agreement
found for the frequency position of the main features of both
€ and €.

The absorption spectrum a(w) and the refractive index
n(w) at a frequency w can be obtained from the real and
imaginary parts of the dielectric function:

a(w) = &(w), (4)

cn(w)

() = \/ €1(0) + Ve1(@) + (w) .

2 k)

where ¢ is the speed of the light.®* In Figs. 11(a) and 11(b)
we report the refractive index and the absorption spectrum in
the infrared, compared to the experimental spectra obtained
for CVD silicon nitride films in Refs. 83 and 85, respec-
tively. The refractive index is clearly reminiscent of the €
behavior of Fig. 10, showing also a similar level of agree-
ment with experiment. The calculated absorption spectrum
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FIG. 11. (a) Calculated (solid) and experimental (dotted, Ref.
83) refraction index n(w) of a-SizNy. (b) Calculated (solid) and
experimental FTIR (dotted, Ref. 85) absorption spectra of a-Si3Ny.
The experimental absorption spectrum (originally given in arbitrary
units) was rescaled so that its maximum coincide with the maxi-
mum of the calculated spectrum.

fairly reproduces the main broad peak at ~900 ¢cm™! and the
side peak at ~500 cm™' of the experimental spectrum.
These are originated by the two main peaks of the €, which
are shifted by the multiplying w factor and by the decreasing
trend of n(w) between 770 and 1150 cm™'. Although the
spectrum reported in Ref. 85 is given only in arbitrary units,
the maximum value of the calculated absorption spectrum is
consistent with the maxima from the experimental spectra of
hydrogenated amorphous silicon nitride samples in Ref. 72.
The decomposition of the nitrogen contribution to the
v-DOS according to local vibrations is helpful for under-
standing the origin of the main infrared peaks. From the
analysis shown in Fig. 8(b) we derive a picture of the vibra-
tional modes around 500 cm~' mainly arising from rocking
nitrogen motions together with a fraction of silicon motions.
In Ref. 7, Lucovsky et al. suggested that the main peak in the
infrared-absorption spectrum is originated by asymmetric
Si-N bond-stretching vibrations. This is supported by our
analysis of the v-DOS showing that nitrogen stretching mo-
tion dominates the range 800—950 cm™'. The experimental
infrared-absorption spectrum reported in Fig. 11(b) features a
shoulder at 1180 cm™' which has been attributed to N-H
bending vibrations.”> Incidentally, we note that the calcu-
lated spectrum falls down abruptly above ~1100 cm™! con-
sistently with the very small concentration of H atoms in our
model, and consistently with the v-DOS of Fig. 8. Further-
more, we speculate that the experimental infrared-absorption
spectrum might show in the range 1200—1500 cm™' features
originated by stretching motions of twofold coordinated N
atoms as our analysis of the v-DOS suggests [Fig. 9(b)].

VII. RAMAN SPECTRA

Raman spectra of amorphous materials are usually ob-
tained for incoming and outgoing photons with either paral-
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FIG. 12. (Color online) Calculated (solid) and experimental Ra-
man spectra of a-Si3N, (a) in parallel and (b) in cross polarization
configurations. Experimental data for composition ratios r=1.35
(circles) and r=1.4 (squares) are taken from Ref. 86. The theoretical
spectra are scaled to match the integrated intensity of the experi-
mental spectra. A Gaussian broadening of 25 cm™! is used.

lel (VV) or cross (HV) polarization configuration. The ex-
perimental VV Raman spectrum of a-SisN, in the range up
to 1500 cm™! is characterized by two very broad bands be-
low and above ~600 cm™'.3%87 We note that both bands do
not show any sharp feature analogous to the defect lines®® in
SiO, or to the boroxol peak®® in B,Os5. As these are origi-
nated by well localized vibrational modes, we infer that simi-
lar localized Raman active modes are not present in a-SisNy.

In Fig. 12, we compare the VV and HV Raman spectra
calculated for our model to the experimental spectra of Ref.
86. The calculated VV Raman spectrum shows a series of
peaks between 750—1200 cm™! that are not visible in the
experiment. However the average intensity in this range ap-
pears to be in fair agreement with the experiment. As ex-
pected, the Raman intensity of the HV spectrum is found
weaker than that of the VV spectrum. The difference be-
tween the theory and the experiment might be explained by
the limited statistics of our model structure and in part by the
limited resolution of the experiments. In Fig. 13 we report
the reduced VV and HV Raman spectra where the thermal
dependence has been dropped.*?> This permits a better read-
ing of the relative intensities of the features appearing in the
spectrum. In both reduced VV and HV spectra the intensity
of the features at frequencies above ~600 cm™' is enhanced

L - =
500 1000 1500
o (cm-1)

Raman intensity (arb. un.)

FIG. 13. Calculated reduced Raman spectra of a-SisN, in par-
allel (solid) and in cross (dot-dashed) polarization configuration.
Contribution from two-membered rings (dotted) is also shown for
parallel polarization configuration. A Gaussian broadening of
25 cm™! is used.
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with respect to that of the features at lower frequencies. By
considering the decomposition of the v-DOS in terms of lo-
cal vibrations [Fig. 8(b)], we deduce that the vibrational
modes originating mainly from N stretching motions exhibit
a larger Raman coupling.

As two-membered rings constitute a well identified struc-
tural unit of the a-SisN, network (Sec. IIl A), it is worth
analyzing their behavior. Hence, we also considered the VV
Raman intensity coming from two-membered rings and
found that they give a contribution throughout all the spectral
range of Fig. 13. Furthermore, we note that none of the peaks
in the theoretical VV Raman spectrum can be attributed ex-
clusively to vibrations in two-membered rings. Finally, hy-
drogen atoms are found to give rise to a strong peak at
~3300 cm™!, consistently with the analysis of the v-DOS in
Fig. 9.

VIII. CONCLUSIONS

In this work we investigated the electronic, structural, and
vibrational properties of a-Si;N, through a first-principles
spectroscopy approach. First, we focused on neutron-
diffraction probes and calculated, within the harmonic ap-
proximation, the neutron total structure factor, the radial dis-
tribution, and the pair-correlation functions. Next, we
calculated the quasiparticle electronic density of states
through an accurate GW approach which permits calcula-
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tions in large model structures with substantially higher ac-
curacy with respect to ordinary density-functional calcula-
tions. Finally, we investigated vibrational properties and
calculated infrared and Raman spectra by using a finite elec-
tric field approach. For the calculated spectra and the calcu-
lated physical properties we obtained a good overall agree-
ment with the available experimental data. This supports a
picture of a-Si;N, displaying a considerable amount of edge-
sharing SiN, tetrahedra. Our analysis furthermore investi-
gates the role of point defects, which constitutes an impor-
tant feature in samples used for microelectronic applications.
These are found to be responsible for specific contributions
to the electronic density of states and to the vibrational den-
sity of states.

The methodology applied in this work proved successful
for obtaining several insights at the atomistic level into the
physics of amorphous silicon nitride. Consequently, it is ap-
propriate for investigating structural, vibrational, and elec-
tronic properties of more complex materials based on silicon
nitride.
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