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By combining ab initio methods and interatomic potentials, we investigated the electronic and the
structural properties of amorphous silicon nitride. Our results show the trends on the electronic
band structure of SiNx (0:5 < x < 1:8) as the nitrogen content changes, and are in good agreement
with the experimental data. Hydrogenation of the systems was found to considerably reduce the
number of energy levels in the gap. The energy levels which appeared in the materials band gap
were compared to the electrically active centers, which have been identi�ed by electron-paramagnetic
resonance experiments.

Amorphous silicon nitride (a-SiN) is a material of
unique electronic properties, such as large electronic
gap, and high dielectric constant. Due to these supe-
rior electronic properties, it has been used in microelec-
tronic devices as a gate dielectric in thin �lm transistors
or as a charge storage medium in non-volatile memo-
ries. Although considerable e�ort has been spent in
studying silicon nitride, a number of issues related to
its microscopic properties remain unadressed.

Over the last decade, SiN has been investigated by
several theoretical methods [2, 3, 4, 5]. Those inves-
tigations used parameter-dependent models, providing
only a qualitative description of the physical proper-
ties of the systems. Tight-binding models [5], for ex-
ample, introduced unphysical shifts in the electronic
energy levels, in order to reproduce the experimental
electronic band structure. Amorphous silicon nitride
have not been investigated by parameter-free ab initio

methods so far. Here we combined interatomic poten-
tials [2, 4] with ab initio methods to investigate the elec-
tronic properties of unhydrogenated and hydrogenated
amorphous silicon nitride in a wide range of nitrogen
contents. The results were compared to available ex-
perimental data.

Atomistic simulations based on ab initio methods
have been a formidable task, specially in the case of
disordered systems. In order to overcome such compu-
tational diÆculties, we used interatomic potentials [2, 4]
to generate the initial amorphous con�gurations. These
were used as input con�gurations to the ab initio sim-
ulations, when full relaxation, based on the Hellmann-
Feynman forces, could be performed. This procedure
has been shown to reduce considerably the computa-

tional cost in �nding the equilibrium con�gurations
[6, 7, 8]. However, this procedure would only speed up
the simulations if the interatomic potentials are trans-
ferable, i.e., they can provide a realistic description of
the amorphous systems. We have recently developed
an interatomic potential which describes accurately the
structural properties of silicon nitride in a wide range
of nitrogen contents [2, 4]. The amorphous con�gura-
tions were generated using that interatomic potential
combined with Monte Carlo simulations in a simulated
annealing procedure. The relaxation of both the atomic
positions and the cell volume were allowed in the sim-
ulated annealing.

The ab initio calculations [9] were performed within
the local density approximation. The Kohn-Sham
equations were solved using the Car-Parrinello scheme
with separable pseudopotentials [10]. The basis set was
expanded in plane-waves, with kinetic energy up to 65
Ry. The nuclear positions were fully relaxed in the ab

initio calculations until the Hellmann-Feynman forces
were down to 10�3 a.u. The large unit cell comprised
66 atoms for all nitrogen and hydrogen contents. The
Brillouin zone was sampled by the �-point. Our in-
vestigations considered only one atomic con�guration
for each nitrogen content (a-SiNx, x = 0.5, 1.0, 1.33,
1.5, and 1.8). Still we expected to provide a reason-
ably good sampling of an amorphous silicon nitride.
To certify that we in fact generated realistic samples,
we computed the pair correlation function and the av-
erage coordination numbers. For all nitrogen contents,
a �rst peak appears around 1.75 �A which corresponds
to Si-N bonds, while a second peak appears around 2.5
�A, corresponding to Si-Si bonds, both in good agree-
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ment with the experimental data [11]. For the average
coordination number at Si and N sites [2], our results
agree very well with the experimental data [12] for sev-
eral nitrogen contents. Since the local order determines
most of the electronic properties of the material, our ab
initio calculations should provide a realistic description
of the electronic band structure of a-SiN.

Generally, the electronic density of states (DOS)
of amorphous semiconductors obtained by theoretical
modeling present a large number of gap levels. Sev-
eral authors have used some artifacts to \clean" the
gap from those spurious levels. In a-Si, the gap levels
have been removed by removing the atoms which pre-
sented dangling bonds, and passivating the remaining
bonds with H [13]. On the other hand, we removed
the gap levels by introducing hydrogen in the sample,
performed a simulated annealing with interatomic po-
tentials, and then performed the ab initio calculations.
Our procedure was less arti�cial than others [13, 14],
although also less e�ective in removing the gap levels.
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Figure 1. Theoretical total density of states of a-SiNx. The
�gure shows the DOS for (a) x = 0:5, (b) x = 1:0, (c)
x = 1:33, (d) x = 1:5, and (e) x = 1:8.

Fig. 1 shows the calculated DOS for the a-SiNx:H
(0 < x < 1:8) with 18% of hydrogen atomic concen-
tration. For x = 1.33, the DOS is equivalent to that
of the crystalline �-Si3N4. The �rst region of the va-
lence band (VB), corresponding to the N-2s states, is
between -20.0 eV and -12.5 eV. The second region of
the VB, between -10.5 and 1.5 eV, is formed by levels
coming from the hybridization of the N-2p and Si-3p
states. The top of valence band is formed by the N p�

lone pairs. The gap is found to be 2.0 eV. The energy
gap increases with increasing nitrogen concentration,
resulting from the replacement of Si-Si bonds, located

in the top of the VB, by Si-N bonds; and by the dis-
placement of the bottom of the conduction band, due
to the substitution of Si-Si anti-bonding states by Si-N
anti-bonding ones.
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Figure 2. Inverse participation ratio (IPR) for all energy lev-
els in a-SiNx:H. The �gure shows the IPR for (a) x = 1:33
and (b) x = 1:5.

The gap was determined by analyzing the localiza-
tion degree of the states near the band edges. The lo-
calization of each electronic state was quanti�ed by the
inverse participation ratio (IPR). The IPR of an orbital
 n(�!ri ), I( n), is de�ned by:

I( n) = N

PN
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2
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where N is the number of volume elements in the cell
and i is the index of the volume element. The IPR is
large for highly localized states and small for delocal-
ized states.

The IPR can identify a level as belonging to the
band (delocalized), to the band-tail (partially local-
ized), or to the gap (highly localized). Fig. 2 shows
the IPR for all states in a-SiNx:H for two nitrogen con-
tents. The large IPR for the states in the bottom of the
valence band is result of the localized character of the
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N-2s states. For all nitrogen contents, the closer the
states are from the gap, the larger is the IPR. Fig. 3
shows the theoretical gap as function of nitrogen con-
tents obtained by the IPR. The �gure also shows the
experimental optical gap [12, 15, 16]. Our results give
the correct trend: the electronic gap increases with the
nitrogen content. Our results also show that the elec-
tronic gap increases faster with x for x > 1 than for
x < 1, also in agreement with the experimental �nd-
ings. However, our results underestimate the gap for all
nitrogen contents, which results from the known lim-
itation of the density functional theory in describing
excited states.
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Figure 3. Electronic energy gap (Eg) versus the nitrogen
content (x). The �gure also shows the experimental optical
gap [12, 15, 16]. Energies are in eV.

Electron paramagnetic resonance (EPR) experi-
ments have measured several paramagnetic centers in
silicon nitride which have been identi�ed to undercood-
inated atoms. A center which generates an energy level
in the middle of the gap has been interpreted as due to
a three-fold coordinated silicon atom (K-center) [17].
A center which generates an energy level in the bot-
tom of the gap has been interpreted as due to a two-
fold coordinated nitrogen atom (N2-center) [17]. We
investigated the properties of the gap levels in a-SiN1:5

which presented large IPR, and compared their elec-
tronic spatial distribution with the characteristics of
the known EPR centers. We could identify both cen-
ters in our investigation. A level at Ev + 2:48 eV (Ev

is the top of valence band), and therefore close to the
conduction band, clearly shows a dangling bond char-
acteristic, with the electronic charge localized around a
silicon atom. This level is consistent with the K-center
identi�ed by EPR [17]. A level at Ev + 0:45 eV, near
the valence band, shows a dangling bond characteristic,
with the electronic charge localized around a nitrogen
atom. This level is consistent with the N2-center iden-
ti�ed by EPR [17].

In summary, we have used ab initio calculations to
investigate the electronic properties of hydrogenated
amorphous silicon nitride for several nitrogen concen-

trations. All of our results were in good agreement with
available experimental data. The inverse participation
ratio allowed to identify the spatial localization of the
all the energy levels. This shows that the IPR can be
an e�ective tool to investigate deep levels in amorphous
materials even when using small simulation cells. Addi-
tionally, we have theoretically identi�ed the electronic
active centers which appear in the gap in a realistic
sample of amorphous silicon nitride. Those levels were
correlated to the known EPR results, namely, the un-
dercoordinated Si and N atoms.
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