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The defect levels of the nitrogen dangling bond at the Si /SiO2 interface are determined through a density-
functional approach. The composition grading at the interface is modeled through crystalline and amorphous
models of stoichiometric SiO2, nitrided SiO2, and substoichiometric silicon oxides. The relevant charge tran-
sition levels are first determined with respect to the band edges of the parent oxides within a semilocal
density-functional scheme. Through the use of band edge shifts and band offsets previously obtained with
hybrid functionals, the calculated defect levels are then positioned with respect to a band diagram of the
Si /SiO2 interface which shows good agreement with the experimental one. We find that the 0 /− charge
transition level locates within the Si band gap. The level locates close to the Si valence band for nitrogen atoms
in the stoichiometric oxide, but is found to rise across the silicon band gap as the environment of the nitrogen
atoms becomes more silicon rich. The latter raise is accompanied by a stabilization of the incorporated
nitrogen.
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I. INTRODUCTION

Reliability issues in semiconductor electronics are often
directly related to point defects occurring at the atomic
level,1 which generally localize at interfaces where the struc-
tural mismatch occurs. Such interface effects become in-
creasingly important when the size of the device shrinks.2 In
order to improve the reliability of these devices, it is there-
fore crucial to acquire a detailed knowledge of the defects
that are present. Both experimental and theoretical methods
have been deployed to identify and study these defects. Ex-
perimentally, point defects can be studied with electron para-
magnetic resonance �EPR� measurements.3,4 However, this
technique works only for paramagnetic defects and does not
provide information about the position of the energy level
with respect to the band edges. Capacitance-voltage �C−V�
measurements on the other hand give information about the
position of the defect level inside the band gap, but do not
allow the identification of its atomic structure. On the theo-
retical side, first-principles calculations allow the atomic
modeling of the defect structures as well as the determination
of the defect energy levels, but the latter are only useful
insofar meaningful comparisons with experiments can be
carried out.

An example of a well studied interface is the Si /SiO2
interface.4,5 Silicon dioxide is extensively used as a dielectric
in metal-oxide-semiconductor �MOS� devices because it can
be grown relatively easily by thermal oxidation on a Si sub-
strate and the resulting interface shows a sufficiently small
amount of interface states. However, as the thickness of the
gate dielectric decreases, phenomena such as leakage cur-
rents or dopant diffusion occur.6 Nitrided silicon oxides have
been found to effectively deal with these problems.7 Further-
more, nitrogen also improves the dielectric properties of the
oxide layer. However, the incorporation of nitrogen at the
interface is known to increase the densities of interface
traps,8 causing performance degradations and reliability
problems.9–11 In particular, N has been seen to amplify the

negative bias temperature instability �NBTI�, a critical reli-
ability issue in integrated circuits that continues to be a prob-
lem in devices with high-� gate dielectrics.12,13 For further
improvement of the devices, it is therefore important to iden-
tify which kind of defects are introduced by the addition of
nitrogen. EPR measurements in silicon oxynitrides yield
rather complex spectra containing several peaks, not all of
which have been unanimously identified.14–17 One possible
defect is the nitrogen dangling bond �or nitrogen bridging Nb
center�, that occurs through depassivation of the N-H bond
of the �Si�2-N-H configuration. Upon illumination, nitrogen
dangling bonds have clearly been observed by EPR measure-
ments in nitrided silicon dioxide films on silicon.18 The
�Si�2-N-H configuration has also been invoked to explain
x-ray photoemission spectra of silicon oxynitrides grown by
plasma-enhanced chemical vapor deposition.19 However, ex-
perimental characterization of the energy levels of this defect
center is still lacking. As an illustration, Fig. 1 shows a plot
of the spin-polarization of the nitrogen dangling bond defect
in silicon oxide. The singly occupied orbital has p character

FIG. 1. �Color online� Isosurface of the spin polarization for the
neutral nitrogen dangling bond defect in silicon oxide. The central
N atom �blue, dark gray� is shown with its nearest-neighbor Si
atoms �yellow, light gray� and its second-nearest-neighbor oxygen
atoms �red, medium gray�. The spin polarization �transparent� has
the characteristics of a p-orbital perpendicular to the plane defined
by the Si-N-Si chain.
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and is oriented perpendicular to the plane defined by the
Si-N-Si chain.

First-principles methods using density-functional theory
have been successful in electronic structure calculations and
are increasingly being used to gain understanding of defects
at the atomic scale.20 However, theoretical modeling of de-
fect energy levels is not straightforward. First of all, most
common methods based on semilocal functionals, such as the
generalized gradient approximation �GGA�, severely under-
estimate band gaps of semiconductors and insulators. As a
result, direct comparison between theory and experiment is
not possible. By including a certain fraction of exact nonlo-
cal exchange energy, hybrid functionals have recently been
shown to yield band offsets at semiconductor-oxide inter-
faces in agreement with experiment.21,22 However, a gener-
alized application of this method to interface defects is still
computationally prohibitive. The same consideration also ap-
plies to alternative methods such as the many-body perturba-
tion theory in the GW approximation.23 A second difficulty
in the study of defects results from the modeling of the in-
terface. The treatment of structural disorder and of charged
defects at interfaces still represents a nontrivial task for
simulation.

In this paper, we investigate charge transition levels of
nitrogen dangling bonds at the Si /SiO2 interface within a
density-functional approach. The structure in the transition
region is modeled through a series of bulk structures which
account for the disordered nature of the oxide and for its
composition grading. First, the charge transition levels are
determined with respect to the oxide band edges within a
semilocal density-functional scheme. Then, band edge shifts
and band offsets calculated through the use of hybrid
functionals22 are used to obtain a description that matches
the experimental band diagram of the Si /SiO2 interface. In
this way, the calculated defect levels can be located with
respect to the band edges of silicon. Furthermore, we study
the dependence of the defect level on the oxidation state of
the nearest neighbor Si atoms as the Si concentration in-
creases in the substoichiometric oxide.

This paper is organized as follows. The adopted method-
ology is described in Sec. II. In particular, the treatment of a
physical interface by means of bulk calculations as well as
the interpretation scheme based on hybrid functionals are
discussed. The different oxide models are described and ana-
lyzed in Sec. III. The nitrogen dangling bond defect levels
are presented in Sec. IV. Finally, Sec. V collects the conclu-
sions that can be drawn from this work.

II. METHODOLOGY

A. Computational scheme

All the models used in this work have undergone full
structural relaxation within a semilocal density-functional
scheme. The electronic structure was described through the
generalized gradient approximation introduced by Perdew,
Burke, and Ernzerhof �PBE�.24 This approximation was pre-
ferred over the local density approximation because of con-
sistency with previous hybrid functional results21,22 which
are used in the analysis. We used the spin-polarized func-

tional for properly describing unpaired electrons. We used a
scheme based on plane-wave basis sets and ultrasoft
pseudopotentials.25 The energy cutoffs were set at 31 Ry for
the wave-function expansion and at 124 Ry for the charge
density.26,27 The defect level calculations were performed in
supercells, with a Brillouin zone sampling limited to the �
point unless specified otherwise. The structural relaxations
were performed using a nonlinear minimization technique
introduced by Broyden, Fletcher, Goldfarb, and Shanno.28

We used the PWSCF code of the QUANTUM ESPRESSO29 pack-
age.

B. Alignment

The determination of charge transition levels requires the
calculation of total energies of charged defect states. The use
of periodic boundary conditions in typical simulation setups
leads to spurious electrostatic interactions due to the com-
pensating background charge. While correction terms have
been proposed for charged defects in homogeneous dielectric
environments,30 the analogous treatment in the presence of
interfaces is less trivial. To circumvent this problem, we
modeled the structure at the Si /SiO2 interface, through a
series of bulk silicon oxide models of varying oxygen con-
centration. The dielectric conditions in the models vary be-
tween those of silicon and those of SiO2, as the oxygen con-
centration in the models is increased. While this description
does not reproduce the specific dielectric conditions at the
interface, it should nevertheless cover the range over which
the dielectric polarization varies in the transition region.

This modeling scheme is viable provided the electronic
structures of the various models can correctly be aligned. To
define a proper alignment scheme, we investigated the be-
havior of the deep O 2s states across a superlattice model of
the Si /SiO2 interface generated previously.31 The electronic
density of states was projected on the O 2s orbital for every
oxygen atom. For each atom, we then calculated an average
O 2s level. In Fig. 2�a�, we plot the variation in these ener-
gies as oxygen atoms across the oxide layer are considered.
The figure considers oxygen atoms belonging to both the
substoichiometric and stoichiometric oxide. Individual levels
are quite scattered over a window of about 0.5 eV. Their
average level shows a smoother dependence with a raise of
the order of 0.1 eV in the substoichiometric region. In order
to unveil any systematic correlation, we studied in Fig. 2�b�
the dependence of the O 2s levels at the interface on the
average of oxidation state of the two neighboring Si atoms.
This figure reveals a systematic correlation by which the O
2s level raises by �0.3 eV for the low oxidation states of Si.

Throughout this work, we adopted an alignment scheme
by which the electronic structures of the considered models
are aligned by setting their average O 2s level to that in
stoichiometric SiO2. This choice carries the advantage of a
transparent alignment scheme, but neglects the raise ob-
served for silicon-rich environments. As shown in the fol-
lowing, consideration of this raise only reinforces the ob-
served trends, without altering any of the qualitative
observations. Its effect on the low oxidation states is recalled
when appropriate. An alignment scheme based on deep
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atomic levels has already successfully been used for other
defects at oxide-semiconductor interfaces.32–34

C. Band-edge corrections

The band-gap underestimation of semilocal density-
functional approaches is one of the major obstacles which
prevents the situation of calculated defect levels within a
band diagram that allows for comparison with experiment.
To overcome this difficulty we relied on two recent results.
First, it has been shown that energy levels of localized defect
states determined within a semilocal density-functional ap-
proach do not undergo important shifts when calculated
within a hybrid functional approach of higher accuracy, pro-
vided the two calculations are aligned through a common
reference level.21 In particular, this shift amounts to only 0.1
eV for the 0 /− charge transition level of the nitrogen dan-
gling bond in �-quartz SiO2,21,35 which is representative of
the defects studied in the present work. This result implies
that defect levels calculated within a semilocal density-
functional scheme are already accurately determined, despite
the band-gap problem. Hence, this result indicates that the
correction of the defect levels and that of the band edges are
issues that can be dealt with separately. The second result
concerns the determination of the corrected band edges. For
this it is necessary to have recourse to electronic structure
approaches of higher accuracy than in semilocal density-
functional schemes. The method of choice is the GW many-
body perturbation scheme,36 but it has been shown that ac-
curate results can also be achieved through the use of hybrid
functionals.22 Indeed, the application of the latter functionals

to the determination of band offsets at semiconductor-oxide
interfaces has resulted in very accurate band diagrams.22 In
particular, for the Si /SiO2 interface that is of interest to the
present study, the theoretical band diagram agrees with ex-
periment within less than 0.1 eV.22

As a consequence, it is possible to locate charge transition
levels in the experimental band gap by the following
procedure.37 First, charge transition levels and band edges
are calculated with respect to the band edges of the respec-
tive oxide models within a semilocal density-functional
scheme �e.g., the PBE�. Second, the electronic structures of
the various oxide models are aligned to that of the amor-
phous SiO2 model through the O 2s levels. Third, the band-
edge shifts derived through the use of hybrid functional cal-
culations are applied.21,22 This step is illustrated in Fig. 3. On
the basis of the results obtained in Ref. 22, it consists in
displacing the conduction band upwards by 1.16 eV and the
valence band downwards by 2.46 eV. Fourth, the band edges
of silicon are then determined through the valence band off-
set of 4.4 eV, as obtained within a hybrid functional
scheme.22 In this way, the calculated defect levels are posi-
tioned within a band diagram which virtually corresponds to
the experimental one.

III. OXIDE MODELS: STRUCTURAL AND ELECTRONIC
PROPERTIES

The model structures used in this work have different ori-
gins and can be classified into three groups. The first one
includes models of crystalline and amorphous stoichiometric
SiO2. The second group consists of models of nitrided silicon
oxide. The third group comprises substoichiometric oxide
structures, including both crystalline and manually disor-
dered structures. An overview of all models and of their prin-
cipal characteristics is given in Table I. The Kohn-Sham den-
sities of states �DOS� pertaining to the model structures are
shown in Fig. 4. The positions of the valence and conduction
band edges of the defect-free host structure are indicated.
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FIG. 2. �Color online� �a� Average O 2s level across a superlat-
tice model of the Si /SiO2 interface. For every O atom, the average
O 2s level is determined from the local density of states projected
on the considered atom. The �red� curve corresponds to an average
in which the atomic contributions are weighted through Gaussian
distributions centered on the atoms and broadened by a standard
deviation of 1.5 Å. The substoichiometric transition region con-
necting the Si substrate to the SiO2 oxide is indicated. In �b�, the O
2s level is plotted vs the average oxidation state of its two neigh-
boring Si atoms. The represented data points correspond to averages
and the error bars indicate the standard deviations.
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FIG. 3. �Color online� Applied scheme to position defect levels
obtained through semilocal density-functional calculations within a
band diagram of the Si /SiO2 interface which virtually coincides
with the experimental one. The scheme is based on the hybrid func-
tional results obtained in Refs. 21 and 22. Energies are in eV.
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A. Stoichiometric SiO2

The crystalline models of SiO2 comprise both � quartz
and � cristobalite. The model of � quartz contains 72 atoms
in an orthorhombic supercell at a density of 2.53 g /cm3,
with dimensions 9.95�8.63�10.9 Å3. The structure shows
a mean Si-O bond length of 1.65 Å and a Si-O-Si angle of
144°. For this structure, we calculated a band gap of 5.7 eV.

The model of � cristobalite was obtained starting from
what is generally called “ideal” � cristobalite, i.e., a cubic Si
diamond lattice with oxygen atoms placed between every
pair of Si atoms. Then, the O atoms were moved out of their
central positions in order to allow for the SiO2 tetrahedra to
rotate during structural relaxation.38 The initial model con-
tained 24 atoms. Both lattice parameters and internal cell
coordinates were fully relaxed. The rotations observed dur-
ing relaxation were antiparallel for neighboring SiO2 tetrahe-
dra, as has recently been suggested in Ref. 38 in order to

arrive at the symmetry I4̄2d. However, at variance to Ref.
38, the rotation axes in our model were not parallel to either
of the main crystal axes. Nevertheless, the final structure was
characterized by an energy gain of 0.05 eV per SiO2 unit
compared to the ideal structure, in agreement with the energy
gain obtained in Ref. 39. Furthermore, the volume decreased
by 13%, qualitatively similar to the value of 9% found in
Ref. 39. The final supercell used for the defect calculations
contained 96 atoms at a density of 2.22 g /cm3, with dimen-
sions 10.1�10.1�14.0 Å3. We computed a band gap of
5.8 eV.

A model of amorphous SiO2 �a-SiO2� had been obtained
previously via ab initio molecular dynamics techniques40,41

and consists of a 72-atom supercell at a density of
2.20 g /cm3. We used a cubic supercell of side 10.3 Å. Re-
laxation of the atomic coordinates in the PBE gave an aver-
age Si-O bond length of 1.63 Å and a mean Si-O-Si angle

TABLE I. Overview of the different models studied in this work. Nat is the number of atoms in the supercell used for the defect
calculation and � is the density in g /cm3. Bond lengths �d� are given in Å and bond angles ��� in degrees. Eg is the band gap �in eV�. Ecorr

is the correction term �in eV� appearing in Eq. �1� for a charge q= 	1. Nbulk specifies the number of individual bulk structures considered,
and Nsubst is the number of defect models that resulted from the bulk models. Values in parentheses correspond to standard deviations and
refer to the least significant digit reported.

Model Nat � dSi-O dSi-Si �Si-O-Si �O-Si-O Eg Ecorr Nbulk Nsubst

Stoichiometric SiO2

a-SiO2 72 2.20 1.63�2� 132�13� 109�6� 5.3 0.44 1 7

� quartz 72 2.53 1.65�1� 144�1� 110�1� 5.7 0.45 1 1

� cristobalite 96 2.22 1.629�1� 142�1� 109�1� 5.8 0.38 1 1

Nitrided SiO2

SiOxNy 101 2.20 1.64�2� 146�12� 109�5� 0.39 3 3

Substoichiometric SiO2

crystalline 3+ 60 2.18 1.640�5� 2.333�4� 153�7� 109�2� 4.5 0.32 1 1

disordered 3+ 60 2.23 1.64�1� 2.36�3� 148�9� 109�3� 4.1 0.32 1 5

crystalline 2+ 128 2.13 1.647�4� 2.381�5� 177�3� 109�3� 0.2 0.19 1 1

disordered 2+ 128 2.20 1.65�1� 2.40�4� 157�11� 109�5� 1.5 0.19 1 10

crystalline 1+ 144 2.22 1.663�1� 2.384�1� 165.0�1� 109�4� 0.2 0.14 1 1
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FIG. 4. �Color online� Comparison of the normalized Kohn-
Sham DOS of all models. The DOSs are aligned through the aver-
age oxygen 2s level �dotted line�. The energy scale is referred to the
edge of the valence band of a-SiO2. The valence �
v� and conduc-
tion �
c� band edges are indicated for all defect-free models. A
Gaussian broadening with a standard deviation of 0.3 eV was used.
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132	13°. This structure shows a band gap of 5.3 eV. The
slight differences in the structural and electronic properties
with respect to the original model40,41 result from the present
use of the PBE rather than the local density approximation.
In the following, we refer to this structure as to the amor-
phous SiO2 model, while it is understood that the disorder in
this model is limited to a periodically repeated network of
only 72 inequivalent atoms. Nevertheless, this model is ex-
pected to accurately describe the local disorder around the N
defects.

B. Nitrided SiO2

Models of nitrided SiO2 were obtained through classical
molecular dynamics simulations. We used a supercell con-
taining 34 Si, 65 O, and 2 N atoms in order to satisfy elec-
tron counting rules. The size of the cubic simulation cell was
chosen to be 11.51 Å, corresponding to a density of
2.20 g /cm3. The empirical interaction potential included
terms for two- and three-body interactions.42 After equilibra-
tion of the system at a temperature of 6000 K, it was cooled
down in an exponential quenching scheme over a period of
240 ps. It was held typically 10 ps at a given temperature
before reducing the temperature to the next level. From the
set of obtained models, three structures contained one three-
fold coordinated and one twofold coordinated N atom. In
addition to the nitrogen dangling bond, all three models con-
tained up to three other atomic defects. We encountered Si
dangling bonds and nonbridging oxygen atoms. None of
these defects occurred in the immediate neighborhood of the
N atoms. These defects were passivated by hydrogen in order
to eliminate their electric activity. Subsequently, the models
were structurally relaxed within our density-functional
scheme. These models show an average Si-O-Si angle of
146° �see Table I�.

In order to identify the location of the electronic states of
the N atoms in the nitrided silicon oxide, we show in Fig. 5
the projected DOS on the atomic orbitals of the two nitrogen
atoms. The DOS of a-SiO2 is also shown for comparison.
The states with energies ranging between −15 and −10 eV
correspond to N 2s states. The 2p states are found to mainly
lie in the valence band of the host structure at energies of
−10 eV or higher. The twofold coordinated N atom clearly
shows a Kohn-Sham level in the band gap of a-SiO2.

C. Substoichiometric oxides

The crystalline suboxide models were generated accord-
ing to a scheme introduced by Hamann.43 Each model is
characterized by the oxidation state of the silicon atoms,
which denotes the number of oxygen nearest neighbors.
Starting from the ideal �-cristobalite structure described ear-
lier �oxidation state 4+�, we removed the oxygen atoms
along certain directions in order to generate the model struc-
tures pertaining to lower oxidation states. For the model
“crystalline 3+,” all O atoms in the �111�-directed bonds
were removed. For the model with oxidation state 2+, the

atoms along �111� and �1̄1̄1� were removed. In the model
“1+,” only the O atoms in the �111� direction were kept.

Optimized structures were obtained through structural relax-
ation of lattice parameters and of internal cell coordinates.
Due to the occurrence of continuous Si-Si chains, we used a
high density of k points to accurately sample the Brillouin
zone.43 In contrast to the models generated by Hamann,43 the
oxygen atoms were moved out of their central position be-
fore the structural relaxation. The reason for this is that a
Si-O-Si angle smaller than 180° is expected to facilitate the
defect incorporation upon N substitution at the O site. The
densities obtained upon full relaxation of the crystalline
models with oxidation state 3+, 2+, and 1+ are 2.18, 2.13,
and 2.22 g /cm3, respectively. For the 3+ oxidation state, we
obtained a 60-atom orthorhombic supercell with dimensions
8.94�10.2�10.4 Å3. For the 2+ oxidation state, the 128-
atom supercell is monoclinic with lattice parameters a=c
=13.4 Å, b=12.8 Å, and �=106°. The 1+ model contains
144 atoms and is described by an orthorhombic supercell
with dimensions 13.6�15.6�12.2 Å3. The band gap de-
creased from 4.5 eV for the oxidation state 3+ to 0.2 eV for
the oxidation states 1+ and 2+. The average values for both
Si-O and Si-Si bond lengths tend to increase with decreasing
oxidation state �see Table I�, in accord with previous
investigations.43–46

To further corroborate the quality of our models, we com-
pared bond energy penalties with previous results in the
literature.43–45 Penalty energies describe deviations with re-
spect to a bond energy picture and are defined for every
partial oxidation state of silicon. The bond energy reference
for each oxidation state is obtained by interpolation of the
total energy per Si atom in pure silicon and in the model
4+. In order to facilitate the comparison with previous
work,43,45 the 4+ model with straight bonds �i.e., ideal �
cristobalite� has been chosen as reference for the interpola-
tion. The comparison is shown in Table II. The agreement
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FIG. 5. Normalized Kohn-Sham DOS of a nitrided silicon oxide
model and the projected DOS �pDOS� on the atomic orbitals of the
twofold and threefold coordinated nitrogen atoms. The atomic char-
acter of the states is indicated. The energy scales have been aligned
as in Fig. 4. For comparison, the DOS of a-SiO2 is also shown. A
Gaussian broadening with a standard deviation of 0.3 eV was used.
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with the values obtained in Refs. 43 and 45 is very good.
Disordered suboxide models were obtained by manual

modification of their crystalline counterparts. Some of the
oxygen atoms were displaced from their original location to
the center of a nearby Si-Si bond. Therefore, the average
oxidation state of the Si atoms remained constant, but differ-
ent oxidation states occurred in the model. For instance, the
model “disordered 2+” was obtained starting from the model
“crystalline 2+” by moving nine oxygen atoms. Several
models could be generated in this way. These models were
screened in two ways. On the one hand, we used the total
energy difference and the calculated bond energy penalties to
derive an estimate for the amount of strain energy contained
in the modified model. On the other hand, models with un-
physical bond parameters could be excluded through the in-
spection of the bond angle and bond length distributions. In
the retained disordered 2+ model, we tolerated an average
strain energy of 0.18 eV per dislocated atom. Due to the
increased disorder and the interrupted Si-Si chains in the
final model, the band gap increased from 0.2 to 1.5 eV. For
the model disordered 3+, two O atoms were moved, resulting
in a strain energy contribution of 0.37 eV per displaced atom.
In this case, the band gap decreased from 4.5 to 4.1 eV.
During the relaxation process, the cell dimensions and the
internal coordinates were allowed to vary, resulting in negli-
gible changes of the density �see Table I�.

IV. NITROGEN DANGLING BOND DEFECTS

A. Incorporation of N dangling bonds

Nitrogen dangling bond defects were generated by replac-
ing one of the O atoms by nitrogen, except for the models of
the second group which contained N dangling bond defects
by construction. In the disordered models, the nitrogen sub-
stitution was carried out at different locations in order to
sample a wide range of configurations. For every configura-
tion considered, a full structural relaxation of the atomic co-
ordinates was performed.

In the neutral state, the Si-N bond length averaged over
the full set of available models was found to be 1.68 Å and
its distribution showed a standard deviation of 0.04 Å. This
value for the average bond length of twofold coordinated N
atoms is only slightly smaller than that �1.76 Å� of threefold
coordinated N atoms in the models of the second group. The
Si-N-Si angular distribution shows an average value of 144°
with a standard deviation of 12° and mainly reflects the
spread of Si-O-Si angles of the parent structures.

For all models, we also considered charged states in
which the extra charge is carried by localized states. In al-
most all models, the charge state −1 gave rise to such a
localized state. This charge state corresponds to a doubly
occupied dangling bond. The structure of the dangling bond
defect underwent only minor changes: the average Si-N-Si
angle did not change within 2° and the average Si-N bond
length decreased by less than 0.1 Å.

In the SiO2 models, localized states were also found for
positive charge q=+1 and triplet spin state. Here, the average
Si-N bond length elongated by less than 0.1 Å with respect
to the neutral configuration, while the average Si-N-Si angle
did not change significantly. To understand this unexpected
spin state, the Kohn-Sham orbitals were inspected revealing
an interaction between the N dangling bond and nearby O 2p
orbitals belonging to the valence band. This stabilizing inter-
action is observed for a range of N-O distances which corre-
spond to the range of typical O-O distances in a-SiO2. How-
ever, since this interaction involves band-edge states, this
result might be affected by the band-gap problem of the PBE
scheme. As far as the present study is concerned, this charge
state is not relevant for electron chemical potentials varying
within the silicon band gap �see Sec. IV B 1�.

To analyze the energetics associated to the N dangling
bond defect, we define the formation energy Ef

q as a function
of the electron chemical potential:20

Ef
q��� = Etot

q − Etot
ref + q�
v + � + �V� + Ecorr, �1�

where Etot
q is the total energy of the defect in its charge state

q and the electron chemical potential � is referenced with
respect to the top of the valence band 
v of the defect-free
oxide. The reference energy is set to

Etot
ref = E�oxide� + E�N2�/2 − E�O2�/2, �2�

where E�oxide�, E�N2�, and E�O2� are the total energies of
the defect-free oxide and of the isolated N2 and O2 mol-
ecules, respectively. In this way, the formation energy Ef

q���
effectively describes the energy associated to the reaction

�oxide� +
1

2
N2 → �oxide with O ↔ N� +

1

2
O2, �3�

where “O↔N” represents the substitution of one O by one
N. �V in Eq. �1� is a correction term that describes the po-
tential shift when going from the system with defect to the
defect-free model and amounts to at most 0.1 eV for our
models. Ecorr is a correction term that accounts for the spu-
rious electrostatic interactions introduced by the periodic
boundary conditions.30 This correction terms depends on the
static dielectric constant of the host oxide. We used =4 for
SiO2. We obtained the dielectic constants for the substoichio-
metric oxides by linear interpolation, taking =12 for Si.
These assumptions are consistent with recent theoretical
studies.47,48 In Table I, we explicitly give the value of Ecorr
used for each model.

For the defect models that were not generated by O↔N
substitution, substitution energies were not calculated. To
compare the total energies of different charge states in this
case, we set Etot

ref=Etot
0 and referenced the electron chemical

TABLE II. Calculated bond energy penalties per Si atom �E �in
eV� for the partial oxidation states of silicon, compared to results
obtained by Hamann �Ref. 43� and by Bongiorno and Pasquarello
�Ref. 45�.

Oxidation state �E Ref. 43 Ref. 45

3+ 0.24 0.24 0.22

2+ 0.54 0.51 0.51

1+ 0.52 0.47 0.50
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potential with respect to the band edges of the amorphous
SiO2 model. This required the alignment of the electronic
structures of the two models through the O 2s levels.

For the neutral N dangling bond defect, the substitution
energy given by Ef

0��� does not depend on �. In Fig. 6�a�,
this substitution energy is plotted as a function of the average
oxidation state of the two nearest neighbor Si atoms for the
defects in this work. The calculated substitution energy is
found to be always positive, i.e., reaction �3� is endothermic.
While the data are scattered because of the structural variety,
one clearly recognizes a trend by which the nitrogen incor-
poration is favored in oxide environments showing lower
oxygen content. This result is consistent with experimental
observations which indicate that nitrogen incorporated at the
Si /SiO2 interface accumulates in the vicinity of the silicon
substrate.49,50 These results also emphasize the importance of
investigating the nitrogen defect levels for varying oxygen
concentration.

The formation energies of the defects in the negative
charge state q=−1 depend on the electron chemical potential
�. To compare formation energies of different defects in this
charge state, it is necessary to adopt a common value for �.
This is achieved by fixing the electron chemical potential in
correspondence of the silicon valence band maximum, i.e.,
�=
v

Si. We emphasize that this alignment explicitly relies on

the procedure described in Sec. II, involving the alignment of
the O 2s levels and the use of the Si /SiO2 band diagram.
Figure 6�b� displays the formation energy Ef

−1 ��=
v
Si� vs the

average oxidation state of the two nearest-neighbor Si atoms
for each considered defect. As for the neutral charge state,
the formation energy is found to increase with oxidation
state. The smaller slope compared to the neutral defect indi-
cates that the negatively charged defects become relatively
more stable as the dielectric constant drops, contrarily to
expectations solely based on simple electrostatics arguments.
This analysis does not change qualitatively when the depen-
dence of the O 2s state on the oxidation states of the neigh-
boring Si atoms �Fig. 2�b�� is considered in the alignment.
This effect leads to an increase in the formation energies Ef

−1

��=
v
Si� by about 0.3 eV for the lowest oxidation states,

thereby further reducing the slope in Fig. 6�b�.

B. Charge transition levels of N dangling bonds

A charge transition level of a defect is defined as the value
of the electron chemical potential for which two different
charge states have the same formation energy Ef

q.

1. Stoichiometric SiO2

For models of � quartz and amorphous SiO2, we focused
on three different charge states: q=+1, 0, and −1. Other
charge states do not lead to charge transition levels in the
oxide band gap. For each charge state, a full structural relax-
ation was carried out. Figure 7�a� shows the positions of the
charge transition levels in the respective PBE band gaps. For
� quartz, we found transition energies at 
+/0=0.2 eV and

0/−=2.4 with respect to the PBE valence-band edge. The
0 /− charge transition level is in accord with the result of a
previous PBE calculation, which situated this level at 2.57
eV.21,35 For the amorphous SiO2 model, we considered seven
different atomic configurations and obtained charge transi-
tion levels at 
+/0=0.1	0.4 eV and 
0/−=2.2	0.1 eV from
the PBE valence band. The charge transition levels obtained
for the disordered structure agree well with those of � quartz,
as can be seen in Fig. 7�a�, where the respective band struc-
tures have been aligned through the O 2s states. For our set
of considered configurations, we did not detect any correla-
tion between the energy of the transition levels and local
structural parameters such as the Si-N bond length or the
Si-N-Si angle.

Adopting the alignment scheme described in Sec. II, the
calculated charge transition levels could be placed within the
band diagram of the Si /SiO2 interface �Fig. 7�b��. In the case
of � quartz, the charge transition levels occur at −2.1 and 0.1
eV with respect to the valence-band maximum of silicon
�Fig. 7�b��. For the amorphous SiO2 model, these energies
are −1.9 and 0.3 eV.

In the PBE, the 
+/0 levels for both SiO2 models fall only
slightly above the valence-band edges. Hence, these levels
might be affected by the PBE band-gap problem and their
estimated energy in the Si /SiO2 band diagram should be
taken as an upper bound. Thus, our study reveals that the
only defect level occurring within the silicon band gap is the
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FIG. 6. �Color online� Formation energy �Ef
q� of the nitrogen

dangling bond defect in �a� the neutral and �b� the negatively
charged state as a function of the average oxidation state of the two
nearest-neighbor silicon atoms. All models of the first and third
group have been considered. The straight lines correspond to linear
regressions.
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0 /− transition. In the following, we will only focus on this
specific level.

In � cristobalite, the 0 /− transition level is found at 2.6
eV above the PBE valence band edge. In the Si /SiO2 band
diagram, this level lies at 0.1 eV from the Si valence band.

2. Nitrided SiO2

The classical models of nitrided SiO2 incorporate the N
atoms from the outset and therefore a defect-free host is un-
available for the determination of the valence-band edge. To
overcome this problem, we determined the charge transition
level with respect to the valence-band edge of a-SiO2. The
alignment between the two electronic systems was achieved
through the levels of the deep O 2s states. The result of this
alignment is shown in Fig. 8�a�, where the 0 /− charge tran-
sition level is found at 2.1	0.2 eV from the PBE valence-
band edge of a-SiO2. When the band edges are shifted ac-
cording to the results obtained with hybrid functional
calculations �cf. Sec. II�, the average transition level occurs
at 0.1 eV from the Si valence-band edge �Fig. 8�b��. This
level should be compared with the average transition level
calculated for N defects obtained by substitution in stoichio-
metric SiO2 �Sec. IV B 1�, which falls at 0.3 eV from the Si
valence band. These results are consistent in view of the
considered statistics, which give respective standard devia-
tions of 0.2 and 0.14 eV. Hence, the different defect genera-
tion schemes used in the two cases do not appear to lead to
any significant systematic difference.

3. Substoichiometric oxides

The substoichiometric models with oxidation states 1+
and 2+ have a small band gap �cf. Table I� irrespective of
structural disorder. For the crystalline 2+ model the nega-
tively charged state of the N dangling bond gave rise to a
delocalized state, suggesting that the 0 /− transition level oc-
curs below the valence band edge in our PBE calculations.
For the crystalline 1+ and disordered 2+ models, we ob-
tained localized states upon charging and the transition level
occurred within the band gap. For the crystalline 3+ and
disordered 3+ models, the band gap opens and their 0 /−
transition levels fall at 0.8 eV and 0.8	0.1 eV from their
respective valence-band edges. Figure 9�a� shows the calcu-
lated transition levels and the respective band edges for all
the substoichiometric oxide models giving rise to localized
defect states. Figure 9�b� shows these charge transition levels
when reported within the band diagram of the Si /SiO2 inter-
face. The two models corresponding to the oxidation state 3+
show transition levels at 0.1 eV �crystalline 3+� and
0.0	0.1 eV �disordered 3+� with respect to the Si valence
band edge. The crystalline 1+ and disordered 2+ models
gave slightly higher transition levels at 0.7 eV and
0.7	0.1 eV from the silicon valence-band edge, respec-
tively. The latter levels are expected to raise by an additional
0.3 eV upon consideration of the dependence of the O 2s
level on the oxidation states of the neighboring Si atoms in
the alignment �cf. Fig. 2�b��.

In Fig. 10, we display the 0 /− charge transition levels as
obtained for our full set of models vs the average oxidation
state of the Si atoms neighboring the nitrogen dangling bond
defect. The continuous line is obtained from the linear re-
gressions in Figs. 6�a� and 6�b� describing the dependences
of the formation energies on oxidation state for the neutral
and the negatively charged state, respectively. The individual
data points in Fig. 10 show significant scatter, which we
attribute to structural disorder. However, a clear decreasing
trend with increasing oxidation state is apparent and consis-
tent with the continuous line derived from the formation en-
ergies. This dependence indicates that the charge transition
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FIG. 7. �Color online� Charge transition levels of the N dangling
bond in the stoichiometric SiO2 models �a-SiO2, � quartz, and �
cristobalite� as found �a� with respect to the PBE band edges of
their parent defect-free structures, aligned through their average O
2s level, and �b� within the Si /SiO2 band diagram derived through
the use of hybrid functionals. The pink/gray area in the case of
a-SiO2 represents the standard deviation resulting from seven dif-
ferent atomic configurations.
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level rises across the silicon band gap when the defective
nitrogen atom is found in a more silicon-rich environment,
i.e., closer to the silicon substrate, where the nitrogen incor-
poration is energetically favored. The observed trend is fur-
ther reinforced when the dependence of the O 2s level on
oxidation state is considered in the alignment, leading to
transition levels higher by 0.3 eV for the lowest oxidation
states. In any case, all the charge transition levels fall below
the silicon conduction band edge. Thus, our results indicate
that the diamagnetic negatively charged dangling bond state
is energetically favored for electron chemical potentials near
the silicon conduction band, consistent with experimental
EPR observations that the N dangling bond signal reduces
upon electron injection.18

V. CONCLUSIONS

We determined the charge transition levels of nitrogen
dangling bonds at the Si /SiO2 interface within a density-
functional scheme. To investigate the role of the composition
grading in the interfacial region, we used various models of
stoichiometric and substoichiometric silicon oxide and
aligned their electronic structures through a separate inter-
face calculation. Charge transition levels are calculated at the
semilocal density functional level and then positioned with
respect to the silicon band edges using a scheme based on
hybrid functionals.21,22 Only the 0 /− charge transition level
is found within the silicon band gap. In stoichiometric SiO2,

this defect level is located in the lower part of the silicon
band gap, but it is found to sweep across the gap as the
nitrogen defects moves to more silicon-rich environments
near the substrate, where the N incorporation is favored.

The present study might contribute to our understanding
of the nitrogen-enhanced negative bias temperature instabil-
ity, a reliability concern in MOS devices.12,13 The reaction-
diffusion model identifies depassivated Si dangling bonds as
hole trapping centers for explaining the instability in
p-channel MOS field-effect transistors.13 Indeed, the interfa-
cial Si dangling bond shows a 0 /+ charge transition level at
�0.2 eV from the valence-band edge,51,52 which allows for
hole trapping. The present study shows that, in nitrided ox-
ides, N dangling bonds also give interface states within the
silicon band gap. The relevant transition corresponds to a
negatively charged N dangling bond that turns into a neutral
one upon hole trapping. In this way, the occurrence of de-
passivated nitrogen dangling bonds is expected to provide an
extra channel for the negative bias temperature instability.
However, in order to acquire a more comprehensive picture
of the role of nitrogen at Si-SiO2 interfaces, it will be neces-
sary to go beyond the substitutional nitrogen studied in this
work and to address the full variety of possible nitrogen con-
figurations at the interface.

More generally, the present investigation illustrates a
practical scheme for determining the energy levels of defects
occurring in interfacial transition regions. In particular, it is
worth highlighting two advantageous aspects of this scheme.
First, the modeling of the transition region is achieved
through a series of bulk models of different stoichiometry.
With respect to the use of actual interface models, this ap-
proach not only allows for a broader statistical investigation,
but also bypasses electrostatic complications due to the use
of periodic simulation cells. The alignment of the electronic
structures of the various bulk models is achieved through a
model structure of the interface. Second, this work addresses
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FIG. 9. �Color online� Charge transition levels of the N dangling
bond in substoichiometric SiO2 models �crystalline 1+, disordered
2+, crystalline 3+, and disordered 3+� as found �a� with respect to
the PBE band edges of their parent defect-free structures aligned
through their average O 2s level and �b� within the Si /SiO2 band
diagram derived through the use of hybrid functionals.
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the issue of positioning defect levels calculated within a
semilocal density-functional scheme with respect to an inter-
facial band diagram allowing for direct comparisons with
experiments. This difficulty directly stems from the band-gap
problem of semilocal density-functional schemes. Because of
the underestimated band gaps and band offsets,22 the position
of the calculated defect levels is ambiguous.21 To overcome
this problem, we carried out all the defect-level calculations
within a semilocal density-functional approach but relied on
recent hybrid functional results to achieve a realistic descrip-
tion of the defect and band alignments. We used the fact that
the position of defect levels with respect to a local reference
potential as determined within a semilocal density-functional
scheme remains unaffected by band-gap renormalization.21

This result provides a justification for the a posteriori cor-
rection of the band edges. In our scheme, the band shifts are
taken from a hybrid density-functional study which proved
very successful in describing the experimental band align-
ment at the Si /SiO2 interface.22 In this way, the defect levels

calculated in this study could be located with respect to the
silicon band edges at the interface.

Despite these advantageous aspects, the presented scheme
is nevertheless unable to capture structural and dielectric ef-
fects specific to the interface. These effects might become
particularly severe in the close vicinity of the substrate,
where dielectric relaxation effects become significant and
where the crystallinity of the substrate might give rise to
mechanical constraints. For the full consideration of these
effects, the explicit modeling of the interface environment
will be ineluctable.
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