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The structure of amorphous silicon nitride obtained by cooling from a melt has been simulated by Car—
Parinello molecular dynamics. Several types of Si—Si defect coordination have been revealed. It has been
found that, in addition to normal Si—Si bonds, numerous double Si—Si bonds (Si—Si—Si defects) are present

in the amorphous structure.
DOI: 10.1134/S0021364011150082

Flash memory based on silicon nitride is currently
being developed. This type of memory devices oper-
ates due to the memory effect of silicon nitride, i.e., its
capability to capture charge carriers on traps and to
keep them for a long time. The nature of traps respon-
sible for the memory effect in silicon nitride is still
unclear. One of the hypotheses that explain the nature
of traps is a model where a Si—Si bond is considered as
a center of capture of electrons and holes. In particu-
lar, an increase in the concentration of traps in silicon-
enriched Si;N, [1] is evidence in favor of this model.

A hydrogen-saturated nitrogen vacancy in crystal-
line B-Si;N, was proposed as a model for the Si—Si
bond in our previous work [2]. The need to introduce
a hydrogen atom into the simulated defect was
explained by the presence of an unpaired electron in
the third silicon atom, which is not involved in the for-
mation of the Si—Si bond. The passivation by the
hydrogen atom made it possible to saturate the dan-
gling bond. Subsequent calculations showed that the
created defect can be a capture center for both elec-
trons and holes with the localization energies AE, =
1.8 eVand AE, = 0.9 eV, respectively. The experimen-
tal trap depth is 1.5 eV for both electrons and holes [3].
The difference of the experimental data from theoret-
ical results can be explained by, in particular, the
imperfection of the trap model.

In stoichiometric silicon nitride, a silicon atom is
coordinated with four nitrogen atoms and a nitrogen
atom has three bonds with silicon atoms. Correspond-
ingly, the pure Si—Si bond cannot be analyzed by cre-
ating a defect in a crystal cell. The aim of this work is
to obtain more reliable information on the structure
and Si—Si defect types in amorphous silicon nitride by
performing molecular dynamics simulation of its
atomic and electronic structures.

The advantage of this method for considering the
atomic structure of silicon nitride is that it is not nec-

essary to artificially create defects, which may be
absent in real samples. The simulation of the amor-
phous phase of silicon nitride makes it possible to
reveal the statistics and probability of the formation of
a certain defect and subsequently to examine the pos-
sibility of the localization of carriers on each of the
obtained defect types without using any certain model
of the Si—Si bond.

It is worth noting that although there are numerous
works concerning the nature of traps in silicon nitride,
study of defects that are responsible for the memory
effect by their simulation in the amorphous phase of
silicon nitride has not yet performed. All theoretical
investigations were primarily devoted to studying
defects that were either artificially created by the clus-
ter method or generated inside the crystal structure.
The authors of the overwhelming majority of works
devoted to the simulation of amorphous silicon nitride
examined the bulk properties of the amorphous struc-
ture such as the density of states, radial distribution
function, dielectric constant, and X-ray and Raman
spectra. No work was devoted to study the types of
defects that appear in amorphous nitride. At the same
time, the determination of the atomic structure of
defects responsible for the capture of a charge is of key
importance for revealing the nature of memory traps
in silicon nitride. In this work, we attempt for the first
time to detect defects based on the Si—Si bond in the
amorphous structure of silicon nitride and to ab initio
classify them.

The electronic structure of defects was simulated
using the Quantum Espresso quantum-mechanical
simulation suite [4, 5]. The optimization of the geom-
etry and production of the amorphous atomic struc-
ture from the crystal lattice of silicon nitride were per-
formed using the CPMD Car—Parinello molecular
dynamics package [6]. The calculations were based on
the Hohenberg—Kohn—Sham nonempirical quan-
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tum-mechanical method (density functional theory)
and Car—Parinello molecular dynamics and involved
the exchange correlation functional in the LDA
approximation, as well as ultrasoft Vanderbilt pseudo-
potentials for silicon and nitrogen atoms. The cutoff
energy for plane waves was chosen from the calcula-
tion of the convergence of the total energy with an
accuracy of 0.001 Ry/atom and was 40 Ry.

In this work, the amorphous phase of the silicon
nitride was obtained by melting the crystal supercell
with subsequent cooling. The first step for obtaining
the amorphous structure is the melting of 336-atomic
crystal cell of a-Si;N,. To accelerate the process of
disordering of the crystalline atomic structure upon
melting, we chose a temperature of 6000 K. Melting
was performed until the complete destruction of the
crystalline structure.

We tested several methods for cooling the melt. The
simplest and obvious method for cooling the structure
obtained after the melting of the crystal is the optimi-
zation of the geometry of the high-temperature melt.
The optimization of geometry (minimization of
forces) was terminated when all three projections of
the force acting on each of the atoms reached
<0.001 au (Ry/Bohr). In this case, the structure is in
the nearest local energy minimum, which corresponds
to the instantaneous hardening of the melt. The
advantage of this method is the rapidity of obtaining
the disordered structure. The main disadvantage is a
high concentration of defects that remain after the
destruction of the crystal. An analysis of the density of
states shows that these defects make a significant con-
tribution to the formation of states in the region of an
expected band gap. No pronounced energy gap is
observed.

As a result, we decided to perform the melting of
the crystal at the minimum possible temperature at
which the time necessary for the destruction of the
crystalline structure is insufficient for destroying the
short-range order. The experimental melting temper-
ature of crystalline silicon nitride is ~2100 K. The
threshold temperature obtained in our calculations is
much higher (~4000 K). This is explained by, first, the
absence of defects in the structure under consider-
ation, which accelerate melting in real structures, and,
second, the short time of the observation of the simu-
lated structure (at a lower temperature, melting would
occur but in a longer time interval). Figure 1 shows the
radial distribution functions and (b) the total density
of states for the structure thus obtained.

In the resulting structure, the concentration of
defects is low (a low peak of about 1 at % in the radial
distribution function near 1.4 A, which corresponds to
N—N bonds) and a pronounced band gap of 1.5 eV
appears. In view of these results, the method described
above was chosen as the main method for obtaining
the amorphous phase for all subsequent structures.
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Fig. 1. (a) Radial distribution functions and (b) the total
density of states for the amorphous structure obtained by
optimizing the geometry of the melt (melting at the thresh-
old temperature).

To examine defects associated with silicon excess,
we created several amorphous silicon nitride samples
of a 336-atomic cell of crystalline o.-Si;N, with one
nitrogen vacancy. The composition of the structure
thus obtained is to SiN; 3, (the stoichiometric compo-
sition is SiN; 33), which corresponds to enrichment in
silicon by about 1 at %. Figure 2 shows the pair distri-
bution functions for the Si—Si and N—N distances.

The broadening of the corresponding peaks indi-
cates that the dispersion of the bond lengths, as well as
the interatomic distances in the second and next coor-
dination spheres, increases significantly for all dis-
tances after the crystalline—amorphous transition. In
addition to an increase in the dispersion of the bond
lengths and interatomic distances, their average value
increases (the peaks in the Si—N and Si—Si pair distri-
bution functions are shifted towards larger distances).
This corresponds to the experimentally observed
decrease in the density of the crystalline atomic struc-
ture upon its disordering.
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Fig. 2. Radial distribution functions and pair distribution
functions for the Si—N, Si—Si, and N—N distances in the
resulting amorphous structures.

The same plots indicate the presence of a small
number of defects (the peak near 2.5 A for the Si—Si
bond, which merges with the peak that corresponds to
the Si—Si distance in the second coordination sphere,
and the peak near 1.6 A for N—N bonds).

As was mentioned above, when studying charge
carrier traps, we are primarily interested in defects
associated with the silicon excess. These defects can be
either an Si—Si bond or a single silicon atom with bro-
ken coordination (unpaired electron). In particular,
the latter defect was proposed as a trap in [7]. However,
the ESR signal should be observed in samples where
the number of undercoordinated silicon atoms that
corresponds to the concentration of traps in silicon
nitride, but this signal was not observed in ESR exper-
iments. Thus, it is reasonable to focus on the study and
classification of diamagnetic Si—Si bonds as defects
responsible for the memory effect in Si;N,.

We sought and classified Si—Si defects in the result-
ing structures as follows. Any pair of silicon atoms that
are spaced by a distance no longer than 2.5 A (the Si—
Si distance in the second coordination sphere of the
defect-free structure is ~3.1 A) is considered to be an

NEKRASHEVICH et al.

fakal
S

Fig. 3. Defects revealed in amorphous silicon nitride such
as (a) Si—Si bonds and (b) double Si—Si bonds.

Si—Si bond. This threshold bond length will be justi-
fied below. For each of silicon atoms in the Si—Si
bond, we sought the nearest neighbors (both silicon
and nitrogen atoms) in the first coordination sphere.
For the Si—N bond length, we accepted a threshold
value of 2.1 A (the Si—N bond length in the crystal is
about 1.7 A). Thus, the type of the Si—Si defect is
unambiguously characterized by two silicon atoms
that form the Si—Si bond and by the number of neigh-
bors (silicon and nitrogen atoms) of each of them. It is
clear that, if an additional silicon atom is located near
the Si—Sibond, it is reasonable to consider such defect
as a whole as a double Si—Si bond. However, to sim-
plify the search for and notation of defects at the first
stage, the double Si—Si bond (Si—Si—Si defect) was
considered as two independent defects, each of which
has a silicon atom, as well as a nitrogen atom, in its
nearest neighboring. Correspondingly, each of the
resulting Si—Si defects is denoted as nyHgiiN2Hsins
where ny; and ny, are the numbers of nitrogen atoms
and ng;; and ng;, are the numbers of silicon atoms in the
first coordination sphere of the first and second silicon
atoms that form the Si—Si bond. Figure 3 shows sev-
eral types of defects revealed in the resulting amor-
phous structure. For simplicity, we denote the 3031 +
3130 defects as 303130.

As was mentioned above, we sought defects at a
threshold Si—Si bond length of 2.5 a. This value was
determined from the middle of the plateau in the pair
distribution function for the Si—Si distances. When
this value was increased to 2.6 A, the number of found
4040 complexes increased sharply from 0 to about
18%. However, the 4040 complex was excluded from
the consideration of the statistics of defects, because
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the difference between a defect and two correctly
coordinated silicon atoms that approach to 2.6 A is
very conditional in view of the strong dispersion of Si—
Si distances as compared to the crystal.

The results indicate that the bond with the correct
coordination (3030) is the most widespread defect
(about 50% of the total number of defects) in agree-
ment with expectations. The existence of double Si—Si
bonds (the Si—Si—Si defect with different coordina-
tions with nitrogen atoms) in a total amount of about
25% of the total number of defects that appear in the
amorphous structure is an interesting and less
expected result. The double Si—Si bond with the cor-
rect coordination (302130) is the most widespread
modification of the Si—Si—Si bond. It is worth noting
that the Si—Si—Si defect has not yet been considered
as a trap for charge carriers in silicon nitride, although
as was shown, this type of defects can constitute a sig-
nificant part of the total number of defects in the
atomic structure of amorphous silicon nitride.

Future individual investigations of each of the
revealed defect types will be reasonable. In view of the
results obtained above, the double Si—Si bond is of
particular interest. The possibility of localization of
electrons and holes should first be analyzed and the
localization energy should be determined if localiza-
tion is possible. The study of the revealed defects in
terms of the possibility of localization of carriers
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directly in the generated amorphous cell is almost
senseless because of the large number of Si—Si defects
(approximately ten per cell). Thus, it is necessary to
find an approach that will make it possible to separate
individual defects of each type in the simulated atomic
structure of Si;N,.
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