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Electronic structure and spectral properties of paramagnetic point defects in Si3N4
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The geometric and electronic structure and the optical, vibrational, and magnetic properties of paramagnetic
point defects in Si3N4 have been studied by means ofab initio quantum-chemical methods. Using cluster
models and gradient-corrected density functional theory or configuration interaction~CI! wave functions, we
have studied the N3wSiO and Si2vNO paramagnetic point defects, also known asK0 andN0 centers, respec-
tively. The computed ground-state properties, in particular the hyperfine coupling constants of N3wSiO and
Si2vNO, the vibrational spectra of the corresponding hydrogenated centers, N3wSi—H and Si2vN—H, and
the valence density of states are correctly described, showing the adequacy of the cluster models used for the
study of point defects in silicon nitride. The optical transitions associated withN and K centers have been
computed by means of CI calculations. The results are compared with those of the analogous defects in SiO2,
the nonbridging oxygen and theE8 center, respectively.@S0163-1829~99!12741-3#
o-
a

ct

re
n
l

l-
o

e

y
in

es
en

t
sil

ive
is
is

ta

tin

s
o
s

e

rial

nic
r-
il-

ition
and

the
on-

e
a
fea-
heir

ted
ted
us

on-
rk
s
.

ster
sed

at-
in-
con-
een
of
I. INTRODUCTION

Amorphous silicon nitride films are widely used in micr
electronics as gate dielectrics in thin-film transistors or
charge storage layers in metal-nitride-oxide semicondu
nonvolatile memory devices.1–18 Usually, the films are pre-
pared by plasma-enhanced chemical vapor deposition at
tively low temperatures. The films obtained in this way co
tain large concentrations of hydrogen, and the materia
thus denoteda-SiNx :H, where typicallyx,1.5. Amorphous
silicon nitride,a-Si3N4, and amorphous silicon-nitrogen a
loys, a-SiNx , can also be prepared by reactive sputtering
silicon in a nitrogen-containing atmosphere. It is believ
that the Si dangling bonds, N3wSi•, also called theK cen-
ters, in a-SiNx :H thin films are the origin of the memor
traps in memory devices and of the charging effects in th
film transistors.1,16 The K center has three charge states,K1

(N3wSi1), K0 (N3wSi•), andK2 (N3wSi2). TheK0 cen-
ter is paramagnetic and is observable by electron spin r
nance~ESR!.10 The K0 center is metastable, and it has be
found that ultraviolet~UV! light converts the chargedK cen-
ters intoK0, while annealing at 200 °C converts theK0 cen-
ters back toK1 and K2.11,12 More recently, another poin
defect has been identified experimentally in amorphous
con nitride, theN dangling bond orN center, Si2vN•.13 This
defect has been observed after thermal treatment at relat
high temperature,.500 °C.13 It has been suggested that th
defect is created by hydrogen dissociation from the preex
ing N—H centers which transform intoN1 andN2 centers,
two charged variants of theN center.16 These diamagnetic
precursors are then converted into their paramagnetic s
by UV light. The simultaneous presence ofK0 andN0 cen-
ters has been observed in as-deposited films by irradia
the films by UV at low temperature (T,200 K!.12 Another
paramagnetic nitrogen center has been observed under
cial conditions and attributed to an unpaired electr
strongly localized on two inequivalent nitrogen atom
bonded to each other.12

Because of the technological importance of silicon nitrid
several experimental studies have been dedicated to the
ture of the defects present in the material.3,5,7,10–13,16Theo-
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retical studies on the electronic structure of this mate
have also been reported,1,19–28but, to the best of our knowl-
edge, no systematic first-principles study of the electro
structure ofK andN centers in silicon nitride has been pe
formed so far. Theoretical studies based on simplified Ham
tonians have been reported to describe the relative pos
of the defect energy levels with respect to the valence-
conduction-band edges.1,20,21

In the present study we report high-qualityab initio cal-
culations on the geometric and electronic structure ofK and
N centers. Using cluster models, we have determined
magnetic properties, in particular the hyperfine coupling c
stants~hfcc’s!, the vibrational modes~for the hydrogenated
Si—H and N—H centers!, and the optical transitions of th
N3wSi• and Si2vN• point defects. The results provide
firm basis for the assignment of the observed spectral
tures to these centers and give additional information on t
structure.

II. COMPUTATIONAL APPROACH

Si3N4 occurs in two crystalline formsa andb, containing,
respectively, 28 and 14 atoms per unit cell.29 The bonding is
covalent polar, with Si atoms being tetrahedrally coordina
by nitrogen atoms and nitrogen being threefold coordina
in a planar or nearly planar configuration, Fig. 1. Amorpho
silicon nitride prepared by chemical vapor deposition~CVD!
at high temperatures is essentially stoichiometric and c
tains very little hydrogen. A continuous random netwo
model of a-Si3N4 built according to these configuration
gives a good description of the radial distribution function28

We have modeled the point defects in crystalline Si3N4 by
means of cluster models. The broken bonds at the clu
periphery have been saturated by H atoms, a commonly u
technique to ‘‘embed’’ clusters of semiconducting or insul
ing materials.30–32 In some cases no constraint has been
troduced in the cluster structure, and the models can be
sidered as purely molecular. More realistic models have b
obtained by cutting the cluster from the periodic structure
12 617 ©1999 The American Physical Society
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a-Si3N4 andb-Si3N4 derived from x-ray diffraction data.29

In this second case the embedding H atoms were fixed
distance of 1.48 Å from the Si atoms and at 1.01 Å from
N atoms along the Si—N or N—Si directions of Si3N4, re-
spectively. The position of all Si and N atoms of the clus
has been fully optimized. The fixed H atoms provide
simple representation of the mechanical embedding of
solid matrix. Of course, saturation with H atoms does
include the long-range Madelung potential of the crystal. T
charges of our atoms determined according to the Mullik
populations are not very large, Si,11.360.2, and N,21.1
60.2, and larger charges have been reported by o
authors.25 This may be a limitation in our models. On th
other hand, we have sufficient evidence that clusters s
rated with H atoms give accurate results for several obs
able properties of SiO2,

31–35 a material where the Madelun
potential should be of comparable if not of larger importan
than in Si3N4. In the following we will specifically commen
on those properties which may be affected by the Madel
potential.

The cluster wave functions have been constructed u
local Gaussian-type atomic orbitals basis sets. The Si, N,
terminal H atoms have been treated with a 6-31 G basis s36

The atoms involved in defect description~e.g., the Si or N
atoms of theK and N centers, respectively, and their fir
neighbors! have been described with a more flexible 6-31G*
basis set including also a set ofd polarization functions.37

Even larger basis sets of triple-zeta~TZ! and TZ plus polar-
ization ~TZP! quality,38,39 have been used for the determin
tion of some ground-state properties as discussed below
the largest models we used aMINI basis set40 on the Si, N,
and H atoms at the cluster border, while the central p
where the defect is localized has been treated with 6-31G
6-31G* basis sets.

Geometry optimizations have been performed at the d
sity functional theory~DFT! level by computing analytica
gradients of the total energy. For open-shell systems we
formed spin-polarized calculations where two sets of Ko
Sham orbitals fora andb electrons are determined. Groun
state properties have been determined with nonlocal D
calculations using the hybrid Becke-3~Ref. 41! and the
Lee-Yang-Parr42 forms of the exchange and correlation fun
tionals, respectively~B3LYP!. In this hybrid DFT approach

FIG. 1. The structure of crystallinea-Si3N4. The planar ar-
rangement of the Si atoms around N is shown.
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the Hartree-Fock exchange is partially mixed in with t
DFT exchange. Pure DFT calculations using the Becke43 and
the Lee-Yang-Parr42 exchange-correlation functional
~BLYP!, Hartree-Fock and second-order perturbation the
calculations~MP2! have also been performed on select
cases. The molecular models have been computed withCs ,
C2v , andC3v symmetry groups, while clusters derived fro
the Si3N4 structure have been computed without any symm
try element (C1 symmetry group!.

The hyperfine interactions of the electron spin with t
nuclear spin of29Si and14N nuclides have been determine
for the paramagnetic centers. The hyperfine interaction
anisotropic and theA tensor is composed of two terms. Th
first one,aiso, is related to the isotropic Fermi contact ter
and depends on the electron density of ans electron at the
nucleus according to

aiso5~8p/3!gNbNgebuCs~0!u2, ~1!

wheregN andge are the nuclear and electronicg factors and
bN andb are the nuclear and Bohr magnetons. The sec
term of theA tensor is a 333 matrixB, which represents the
‘‘classical’’ dipolar interaction between two magnetic~elec-
tron and nuclear! moments. Here we have considered on
the isotropic part,aiso, of the interaction by means of a spin
polarized DFT approach.

Harmonic normal-mode vibrational frequencies and
corresponding intensities have been determined at the D
B3LYP level by means of a full vibrational analysis based
the calculation of analytical first and second derivatives
the total energy; an infinite mass has been associated to
terminal H atoms of the cluster to represent a rigid Si3N4
solid matrix. In this way the coupling of the vibrationa
modes of the terminal N—H or Si—H units with the rest of
the modes is eliminated.

Optical transitions have been determined by perform
multireference single- and double-excitation configurat
interaction~MRD CI! calculations for the ground and excite
states of the clusters.44,45 Single and double excitations wit
respect to more than one reference or main configuration~M!
are generated; in this way, it is possible to include direc
higher-excitation classes with respect to the leading confi
ration in the final CI results. The method makes use of
extrapolation technique; only those configurations with
estimated contribution to the total CI energy larger than
given threshold are included in the secular determinant;
contribution to the final CI energy of the remaining config
rations is estimated perturbatively based on an extrapola
technique.44,45 Twenty-five valence electrons have been c
related for both cluster models ofN and K centers, respec
tively. Typically, a few thousand configurations are direc
included in the secular problem, while the number of gen
ated configurations can be 1 – 103106. The reported CI en-
ergies are extrapolated to this larger CI space. All confi
rations contributing more than 0.1% to the final CI wa
function are used as main~M! configurations. Absorption
intensities have been estimated by means of the oscill
strengthf, using the dipole-length operator as

f ~r !5 2
3 u^ce9uer uce8&u

2DE, ~2!
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whereDE is the calculated transition energy. The value of
for a fully allowed transition is of the order of 0.1–1.

The calculations have been performed withHONDO,46

GAUSSIAN94,47 andGAMESS-UK48 program packages.

III. RESULTS

A. Geometrical structure

The bonding of Si3N4 is best described in terms of inte
action ofsp3 hybrid orbitals on Si andsp2 hybrids on N to
form single Si—N bonds. Since N has five valence electro
there is a nonbonding lone pair in apz orbital of N. This
description naturally includes the planarity of the Si3wN
units since this is the usual configuration ofsp2 hybrids.
However, the reasons for a planar arrangement around
Si3N4 has been under discussion for a long time.1 Two
mechanisms have been proposed to account for the plan
of the N site: steric hindrance andpdp bonding interac-
tion. The steric hindrance can be explained by the small
of N and by the repulsion among the threeuSiw groups
bonded to the N atom; this leads to a distortion of the py
midal structure usually found in N-containing molecul
compounds~e.g., NH3). The alternative explanation is base
on the role of thed orbitals on Si to form directpdp inter-
actions with thepz orbital of N which are maximized in cas
of a planar orientation. Contradicting results about the
volvement of the Sid levels in Si3N4 have been reported in
the literature.1,25 Using various theoretical approach
~Hartree-Fock, MP2, and DFT with two different forms
the exchange correlation functional, BLYP and B3LYP!, we
have computed the best structure of N~SiH3!3, Fig. 2, the
analogous molecule to Si3N4, and the isovalent N~CH3!3
molecule, Table I. The comparison is interesting since
two molecules have different structures in the gas pha
planar and pyramidal, respectively. We also considered
different basis sets, one withoutd orbitals on N and Si,
6-31G, and one which includes thed orbitals on all atoms,
6-31G* . All methods give the same result, irrespective
the basis set used: N~CH3!3 is pyramidal, with a C—N—C
angle of 113°62°, while N~SiH3!3 is planar trigonal, Fig. 2,

FIG. 2. The optimal structure of the N~SiH3!3 molecular unit.
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in agreement with the experiment. This result is obtain
independently of the presence ofd functions on Si, showing
unambiguously that the reason for the planarity isnot the
pdp interaction, but rather the steric hindrance due to t
bulky uSiw groups. Of course, any extrapolation of thi
molecular result to the solid should be done with care, b
nevertheless the calculations show that the reasons for
narity are already present at molecular level and are not c
nected to the involvement of thed orbitals.

Two types of Si-N distances are present in crystallin
b-Si3N4, 1.72 and 1.76 Å;29 in a Si13N15 cluster model of
nondefectiveb-Si3N4 with the H atoms fixed, the optimal
distances are;1.75 and;1.76 Å, respectively. In amor-
phous silicon nitride uniform Si-N distances of 1.73 Å hav
been found from neutron scattering49 and Monte Carlo
simulations.28 The internal Si—N—Si and N—Si—N angles,

FIG. 3. Cluster models of aN center ina-Si3N4. The first two
are molecular models,~H3Si!2N ~a! and @~H2N!3Si#2N ~b!, while
clusters~c!, ~d!, and~e! are taken from the structure of Si3N4. For
brevity, we denote these clusters as NSi2, N7Si2, N7Si4, N12Si10,
and N14Si12. This latter cluster contains two N dangling bonds an
has been obtained by removing a Si atom from a nondefective c
ter.
TABLE I. XuNuX angle in N~CH3!3 and N~SiH3!3 molecules as function of method and basis set.

Method HF MP2 DFT-BLYP DFT-B3LYP

Basis set 6-31G 6-31G* 6-31G 6-31G* 6-31G 6-31G* 6-31G 6-31G*

N~CH3!3 114.2 111.9 112.3 110.4 112.8 111.4 113.3 111.5
N~SiH3!3 120.0 119.8 120.0 119.8 120.0 119.7 120.0 119.8
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120°64° and 109°64°, respectively, are very similar t
those of the ideal lattice.

The cluster models used to describe aN center in Si3N4
are shown in Fig. 3. Some are molecular models,~H3Si!2N
and@~H2N!3Si#2N, Figs. 3~a! and 3~b!, while other are taken
from the structure of Si3N4: see Figs. 3~c! and 3~e!. For
brevity, we denote these clusters as NSi2, N7Si2, N7Si4,
N12Si10, and N14Si12, respectively. This latter cluster con
tains twoN centers and has been obtained by removing a
atom from a model of stoichiometric Si3N4 and saturating
with H atoms two of the resulting N dangling bonds. In t
first two cases, NSi2 and N7Si2, the geometrical optimization
has been done without constraint and results in a Si—N—Si
bond angle of 145°63°, Figs. 3~a! and 3~b!, while in the

FIG. 4. Cluster models of aK center ina-Si3N4. The first two
are molecular models,~H2N!3Si ~a! and @~H3Si!2N#3Si ~b!, while
clusters~c!, ~d!, and~e! are taken from the structure ofa-Si3N4. For
brevity, we denote these clusters as SiN3, Si7N3, Si8N7, Si13N15,
and Si17N19. This latter cluster contains two Si dangling bonds a
has been obtained by removing a N atom from a non defec
cluster.
i

model of the crystal this angle is of 119° only, Fig. 3~c!. We
will see below that this angle has little effect on propert
like the hfcc’s. The Si—N distance around theN center is
elongated to 1.77 Å. The perturbation on the rest of the c
ter due to the presence of a broken bond is negligible and
other distances are close to the bulk values.

In a similar way we used five models of theK center, Fig.
4. The first two,~H2N!3Si and@~H3Si!2N#3Si, Figs. 4~a! and
4~b!, are molecular; the other two are derived from the Si3N4

lattice, Figs. 4~c!–4~e!. The clusters are denoted as SiN3,
Si7N3, Si8N7, Si13N15, and Si17N19, respectively. Also, in
this case the larger cluster contains twoK centers since it has
been obtained from a nondefective model by removing a
atom. The geometry optimizations show similar N—Si—N
angles for all models; this is a direct consequence of the
that the tetrahedral coordination around Si is dictated by
formation ofsp3 hybrid orbitals, while the Si—N—Si angles
are largely dependent on the steric hindrance, hence on
model used. The Si—N distances around the defect are al
similar in the four models, 1.74 Å.

B. Hyperfine coupling constants ofN and K centers

The values of the isotropic part of the hfcc’s of the u
paired electron with the14N and 29Si nuclei in N and K
centers are reported in Tables II and III, respectively. T
calculations have been performed using the cluster mo
described in the previous section and two types of basis s
6-31G or TZ. In both cases the atom where the unpai
electron is localized and the nearest neighbors are tre
with a larger basis includingd polarization functions,
6-31G* or TZP. For theN center we found a relatively sma
constant with14N, 15 G (6-31G* ) or 6 G ~TZP!, Table II.
Similar values are obtained with the various models cons
ered. Very small hfcc’s have been computed for the seco
neighbor N atoms in the N7Si4 model,'3 G. This shows that
the unpaired electron is largely confined on the central
The experimental value ofaiso is 1161 G,13 close but not
identical to the computed values. The difference betwe
computed and measured values,65 G, is due to the basis se
and exchange-correlation functional used and not to dif
ences in the local structure of the defect. In fact, theaiso in
Si2vNO is practically insensitive to the geometrical disto
tions: we have varied the Si—N—Si angle in the NSi2
model, Fig. 2~a!, from 90° to 180°, but the changes inaiso are
of 63 G at most. Furthermore, the calculations of the hfc
for the N7Si4 model give practically identical results for
geometry taken from the Si3N4 lattice or after geometrica
optimization with the constraint of fixed H atoms. This ind

e

TABLE II. Hyperfine coupling constants (aiso , in G! of the unpaired electron with14N in cluster models
of the N center~DFT-B3LYP results!.

Basis set NSi2 N7Si2 N7Si4 N12Si10 N14Si12 Expt.a

6-31G* /6-31G 16 16 15 15 15
1161

TZP/TZV 7 7 6

aReference 13.
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TABLE III. Hyperfine coupling constants (aiso, in G! of the unpaired electron with29Si in cluster models of theK center~DFT-B3LYP
results!.

SiN3 Si7N3 Si8N7 Si13N15 Si17N19 Expt.b

Basis set 29Si 14N 29Si 14N 29Si 14N 29Si 14N 29Si 14N 29Si 14N

6-31G* /6-31G 222 8 213 11 273 9 290 8 340 10
;350 ;4.6

TZP/TZV 262 9 237 11 324 9 395a 10a

aSingle-point calculation on geometry optimized with the 6-31G* /6-31G basis set.
bReferences 7 and 10.
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cates that the atomic positions in the optimized cluster
close to those of the crystal, but also that the hfcc is not v
sensitive to structural distortions. We cannot exclude, ho
ever, that the absence of the Madelung potential in our mo
is the reason for the small difference found. The small va
of aiso is consistent with an unpaired electron wave funct
of almost pure 2p character; the data of spin populatio
analysis show in fact a composition of 4% 2s and 96% 2p in
the singly occupied N orbital. The total spin density on N
of 90%. The smallsp hybridization is the reason for th
nearly constant value ofaiso at various Si—N—Si angles.

Much larger values ofaiso are computed for theK center,
N3wSi•, Table III. Also the oscillations as function of th
model and of the basis set are larger than for theN center. In
particular, we observe an increase inaiso when the more
flexible TZP basis set is used, but also in correspondenc
the Si8N7 cluster obtained from the Si3N4 crystal. This result
indicates that the hyperfine interactions are much more
pendent on the geometrical details than for theN center case.
In fact, using the small SiN3 cluster, Fig. 4~a!, we observe a
rapid increase ofaiso by reducing the N—Si—N angle, Fig.
5. A planar SiN3 unit exhibits a very small hfcc, 63 G, whic
increases to'250 G for an angle of 110°~results obtained
with the 6-31G* basis set!. Thus a more pronounced pyra
midal structure of the defect results in a larger hfcc. A sim
lar effect has been recently found for the analogous defec
a-SiO2, theE8 center.33 Notice that changes of615° in the
N—Si—N angle imply a relatively small energy cost, Fig.
With the best models adopted here, Si8N7 and Si17N19 ~2 K
centers! and a TZP basis, theaiso is of 360635 G, close to
the experimental value of 350 G.10 This large hfcc is indica-

FIG. 5. Dependence on the N-Si-N angle of the hyperfine c
pling constant, hfcc, of the unpaired electron with29Si in ~NH2!3Si
~dotted line!; the energy change connected to the angle variatio
also shown~solid line!.
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tive of the strong localization of the unpaired electron on
and of a non-negligible 3s character in the unpaired electro
wave function. Experimentally, it has been estimated that
wave function has (55612)% of 3p and 20% of 3s charac-
ter, with a total contribution from the Si atom of (7
612)%.10 This is different from our calculations, which
show a similar contribution of the 3s and 3p orbitals of Si,
'40% each, to the unpaired spin wave function. The rema
ing 20% of the spin density is distributed over the neighb
atoms. Thus, the unpaired electron in theK center appears to
be slightly less localized than on theN center, probably be-
cause of the larger size of the Si compared to the N at
The fact that small tails of the unpaired electron wave fu
tion extend beyond the Si atom is shown by the small h
with the 14N nuclide measured in electron-nuclear doub
resonance~ENDOR!, 4.6 G, consistent with a spin density o
~1–3!% on the N atoms bonded to the central Si.7 Our cal-
culations reproduce this feature quite well giving hfcc’s
7–12 G and a spin density of~1–5!% on the N atoms.

Of the four models used to describe theK center, the
Si7N3 molecular structure, Fig. 4~b!, gives the least satisfac
tory results, Table III, with hfcc’s which are much too sma
compared to the experiment. This is due to the particu
orientation of the SiH3 groups around the three-coordinate
Si. The unpaired electron extends in a region of space w
large steric hindrance which causes an artificial polarizat
of the wave function. We will see below that for the sam
reason this model does not provide good results for the
brational modes of a Si—H group. This indicates that the
local arrangement of the neighboring groups around
three-coordinated Si is of great importance for the spec
properties of the defect.

C. Vibrational properties of hydrogenated centers

Hydrogenation of SiNx alloys tends to replace the Si—Si
bonds with Si—H bonds in the silicon-rich alloys and t
replace the Si—N bonds with Si—H and N—H bonds in the
allows wherex is larger. These groups are therefore qu
abundant ina-SiNx :H materials. On the other hand, even
pure and stoichiometric Si3N4 the interaction with molecular
hydrogen can lead to the following reactions involving t
paramagneticN0 andK0 centers:

2Si2vN•1H2→2Si2vN—H, ~3!

2N3wSi•1H2→2N3wSi—H. ~4!
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A fingerprint of the presence of Si—H or N—H groups in a
solid is given by their typical vibrational absorption ban
around 3335 and 2200 cm21, respectively.2

A hydrogen atom has been attached to the N or Si atom
the cluster where the unpaired electron is localized and
geometry has been repotimized. The results, Tables IV
V, indicate a distance of 1.0160.1 Å for N—H and of 1.48
60.005 Å for Si—H. The energy required to dissociate th
N—H and Si—H bonds to form theN0 andK0 centers and
atomic hydrogen is of the order of 4.860.1 eV for N—H and
4.260.2 eV for Si—H. In both cases the homolitic dissocia
tion of the bond requires high energies and is expected
occur only at high temperatures. Since the computed H2 band
dissociation energy is of 4.76 eV, reactions~3! and ~4! are
highly exothermic.

A full vibrational analysis has been performed for t
various models of hydrogenatedN and K centers; for com-
parison, the vibrations of the gas-phase NH3 and SiH4 mol-
ecules have also been considered, Tables IV and V.
calculation of the vibrations has been done using the h
monic approximation. Theve(N—H) is of 3612 cm21 in the
N7Si4 model. Smaller values ofve have been computed fo
the NSi2 and N7Si2 molecular models; this latter model, how
ever, is inadequate because of the particular orientatio
the NH2 groups and of the resulting steric hindrance with t
N—H unit, Fig. 3~b!. In fact, the N7Si2 molecular model
gives also a bond distance and a dissociation energy diffe
from that of the other clusters, Table IV. The comput
ve(N—H), 3612 cm21, is much larger than the values re
ported for this kind of defect in Si3N4, 3320–3335 cm21.2,8

The reason for the discrepancy, however, is not the inac
racy of the model, but the anharmonicity in the potential.
fact, a large error is found between computed and meas

TABLE IV. Harmonic frequencies of the N-H bond in the hy
drogenatedN center.

r e(N-H) ~Å! De(N-H) ~eV! ve(N-H) ~cm21! I ~km/mol!

NH3 1.019 4.78 3571a

NSi2 1.017 4.76 3546 22.5
N7Si2 1.021 4.30 3483 9.6
N7Si4 1.012 4.92 3612 30.1
Expt.b 3335

aExperimental values for gas-phase NH3: 3577 cm21 ~harmonic!,
3444 cm21 ~anharmonic!.

bReference 2.

TABLE V. Harmonic frequencies of the Si-H bond in hydrog
natedK center.

r e(Si-H) ~Å! De(Si-H) ~eV! ve(Si-H) ~cm21! I ~km/mol!

SiH4 1.487 4.11 2265
SiN3 1.484 4.41 2269 163
Si4N3 1.487 4.32 2249 209
Si7N3 1.488 4.25 2432 38
Si8N7 1.483 4.04 2237 164
Expt.a 2250

aReference 8.
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N—H stretching frequency of NH3, Table IV. However,
when anharmonic effects are taken into account the two
ues are nearly identical, Table IV. Anharmonic effects on
N—H bonding in Si3N4 are expected to be of the same ord
of magnitude as in the free molecule.

Anharmonic effects are much less important in Si—H vi-
brations. Here the computed values are of about 2250 cm21,
with the only exception of the Si7N3 cluster where the cou
pling between the Si—H group and the neighboring SiH3
units leads to a large, unphysical, blueshift of the frequen
Table V. Apart from this particular case, which does n
properly represent the structure of the solid, for the rest
computedve(Si—H) is similar in SiH4 or in the Si8N7 hy-
drogenated cluster, indicating that the coupling of the Si—H
vibrational mode with those of the neighboring atoms is n
ligible. Experimentally, a broad band around 2180 cm21 has
been attributed to Si—H bonds and decomposed into tw
subbands near 2170 and 2250 cm21 assigned to
~SiN2!wSi—H and N3wSi—H units.8 With a SiN2Si cluster
where avN- unit has been replaced by awSi- group, we
found a frequency for the SiH stretching at 2248 cm21, red-
shifted with respect to the SiN3 cluster by 21 cm21. While
the separation with respect to N3wSi—H, 21 cm21, is much
smaller than in the experiment, 80 cm21, the assignment of
the low-frequency band to a~SiN2!wSi—H group is sup-
ported by the calculation.

D. Band gap and valence-band structure

The optical band gap in unhydrogenated and stoich
metric Si3N4 is of 5.3 eV according to optical absorptio
data.50 In principle, cluster calculations are not adequate
determine gap energies because of the lack of perio
boundary conditions. Nevertheless, it is possible to estim
the size of the gap from a cluster calculation in two indep
dent ways. The results provide an additional test of the
equacy of the cluster model. The first one requires a ma
body treatment of both ground and excited states in orde
compute the lowest electronic transition of a cluster with
bonds saturated. Here we performed MRD CI calculations
two small models, N~SiH3!3 and Si~NH2!4, and we found that
in both cases the lowest transition~a singlet-triplet excitation
from the highest occupied level, corresponding to the n
bonding N 2p level, to the lowest empty Si—N antibonding
state! occurs around 6.260.1 eV. This is only'10% higher
than the experimental gap. The difference, more than to
computational model adopted, has to be attributed to
small size of the cluster used hence to the inaccurate re
sentation of the valence and of the conduction bands.
second way to estimate the band gap is from the analysi
the highest-occupied molecular orbit and lowest-unoccup
molecular orbit~HOMO-LUMO! separation as derived from
one-electron orbital energies. It is well known that on
electron energies do not provide a good approximation o
excited state problem like the determination of the opti
gap. In particular, Hartree-Fock~HF! calculations largely
overestimate the HOMO-LUMO gap~by a factor of 2 eas-
ily !, while DFT approaches underestimate it. Using a se
of relatively large cluster models of nondefective crystalli
Si3N4, we obtain a HOMO-LUMO gap of 7.160.3 eV. This
gap is overestimated with respect to the experimental one
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about 30%; it is much smaller than one would obtain in H
but larger than in a pure DFT calculation. The reason is
use of an hybrid DFT approach~B3LYP! where the HF ex-
change is partially mixed in with the DFT exchange.

The same approach can be used to determine the val
density of states~DOS! by convolution with Gaussian func
tions of the one-electron energy spectrum. The theoret
spectrum, reported together with the experimental one
tained from x-ray photoemission spectroscopy~XPS!
measurements,51,52 Fig. 6, shows four main features ind
cated with lettersA–D and is qualitatively similar to previ-
ously reported DOS curves from first principles25 and param-
etrized calculations.26,27 The position of each peak i
compared with data from the literature in Table VI. Th
valence-band DOS is characterized by a deep featur
217.8 eV ~D! due to N 2s states and by an upper valen
band 12.5 eV wide with three characteristic peaks at22.0
~A!, 25.1 ~B!, and 210.1 ~C! eV. With respect to the ex
perimental spectrum the computed one shows very sim
positions of the peaks, while the intensities are not prope
reproduced. This is because our clusters are saturated
bonds that introduce a number of N—H and Si—H features
in the valence band. The Si—H bond gives rise to filled
states at'24 eV, while the N—H bonds contribute to state

FIG. 6. Valence density of states computed from a N14S13 model
of nondefectivea-Si3N4. The DOS has been obtained by Gauss
broadening~0.75 eV! of the one-electron spectrum. The experime
tal valence DOS from photoemission experiments is reported
comparison. Intensities@in arbitrary units~a.u.!# have been normal-
ized to the most intense peak. See also Table VI.

TABLE VI. Comparison of calculated and experimental ba
positions in Si3N4 ~in eV!.

Calculated
this work

Calculated
a

Expt.
b

Peak A 22.0 21.2 22.2
Peak B 25.1 26.0 24.8
Peak C 210.1 211.4 29.6
Peak D 217.8 217.2 217.6
Band gap 7.1~6.1!c 5.3 5.3
Valence-band width 12.5 12.5 11.4
K0 2.2 3.1 2.5

aReference 1.
bReferences 50–52.
cFrom MRD CI calculations; see text.
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around'212 eV.8 In this respect our models are more re
resentative of hydrogenated than of pure Si3N4. However,
the overall agreement with experiment51,52 and previous
calculations25,26,27is very satisfactory and shows that the v
lence DOS is well described even by relatively small clu
ters.

It is quite interesting to analyze the position of the sing
occupied one-electron levels associated toN andK centers in
Si3N4 as derived from cluster calculations. We found th
irrespective of the cluster size and shape,N centers exhibit a
singly occupied level which is close to the top of the valen
band formed by the nonbonding N 2p levels; in particular,
the various clusters considered place this level about
60.1 eV below the valence-band edge, Table VI~this is due
to the spin polarized approach used!. On the contrary, the
singly occupied level of theK center is well in the gap and
gives rise to an impurity state which, according to our c
culations, is about 2.2 eV above the top of the valence ba
Table VI. These results are in qualitative agreement with
band-structure calculations of Robertson based on a sim
fied Hamiltonian.1,53 In these calculations it was found tha
the N center introduces an occupied state in resonance
the valence band, while theK center is associated to a sta
just above the midgap, at 3.1 eV from the valence band.
position derived from our calculations is actually in bett
agreement with the experiment of Iqbalet al.51 The bias
electron-spin-resonance~ESR! studies of Jousseet al.54

found a similar position. In any case, the cluster calculatio
give the same qualitative picture of a periodic approach, f
ther showing the localized nature of these defects and
validity of the cluster model.

E. Optical transitions

Accurate calculations where correlation effects are exp
itly included are possible for a solid only for localized stat
as those associated to a point defect. Examples of these
culations for diamagnetic and paramagnetic defects in S2
have been reported recently.31–35 The study of the optical
transitions of theK andN centers can provide information o
the nature, position, and intensity of the corresponding
sorption bands. To this end we have performed MRD
calculations on the neutralN andK centers. Because of th

-
r

TABLE VII. Optical transitions of aN center~5N•! from MRD
CI calculations.a

State Characterb Te ~eV! f (r ) S ici
2

X1 2B1 Nc(2px)
1 0.95

1 2A1 Nc(2pz)
2→Nc(2px)

1 0.7 231024 0.96
1 2A2 Nl(2p)2→Nc(2px)

1 4.4 0.01 0.90
2 2B1 Nl(2p)2→Nc(2px)

1 4.6 0.01 0.90
1 2B2 @Nl(2p)1Nc(2py)#2→Nc(2px)

1 4.6 431024 0.92
2 2B2 Nl(2p)2→Nc(2px)

1 5.2 631023 0.90
2 2A1 Nl(2p)2→Nc(2px)

1 5.3 0.04 0.89

aTe5transition energy;f (r )5oscillator strength;S ici
25sum of co-

efficients of all main configurations in the final CI wave functio
Calculations based on the N-Si2 model, Fig. 3~b!.

bNc5central N atom; Nl5 lateral N atoms.
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large size of the CI calculations, we have used small clu
models, N7Si2, Fig. 3~b!, and SiN3, Fig. 4~a!, in C2v andCs
symmetries, respectively.

The first excited state of a N dangling bond is found at 0.7
eV above the ground state and corresponds to the loca
citation from the doubly occupied 2pz level on N to the
singly occupied 2px level on the same center. Not surpri
ingly, this 2p-to-2p transition has very little intensity,f
5231024, Table VII. The following excitations involve the
2p levels of the neighboring N atoms and the singly occ
pied 2p orbital on the central one. We found a series
transitions of this type in a range between 4.4 and 5.3
Table VII. The intensity of these transitions is larger than
the state at 0.7 eV, but still relatively low. The calculatio
have been repeated also with a larger basis set inclu
diffuse s andp functions on the central N atom, but theTe
values do not change significantly. Attempts to calculate
first excitation of the unpaired electron into the unoccup
states~conduction band! failed because too many excite
states exist below this one. This is an indirect proof of
fact that the N dangling bond lies close to the valence b
and that there are no empty states in the gap where the
tron can be excited. The weak transitions from the nonbo
ing 2p orbitals of the neighboring N atoms and the sing
occupied 2p orbital on the central one occur in a range of t
spectrum just below the conduction band edge. It is inter
ing to compare the electronic excitations in Si2vN• with
those of the analogous center in SiO2, the nonbridging oxy-
gen~NBO! or wSi-O•. Experimentally, a band at 2 eV wit
relatively low intensity (f 51024) has been associated to th
center.55 In a recent CI calculation32 we found for this system
a 2p-to-2p transition at 0.1 eV from the ground state wi
almost no intensity, and a second band withTe52.2 eV and
f (r )'1024; this second state is in excellent agreement w
the experiment. We have repeated the CI calculation on
transitions of the NBO center is SiO2 using exactly the same
method and basis set used here for theN center in Si3N4. To
this end we used a~HO!3Si—O• cluster with aCs symmetry
plane~in our previous calculations32 no symmetry elements
were present!. The results confirm the existence of a low
lying state, at 0.3 eV, followed by a second transition at
eV ~exactly the experimental value! due to an excitation
from the nonbonding 2p levels on the O neighbors to th
singly occupied 2p orbital of the NBO. This result provide
indirect support to the analysis of the transitions compu
for the N center since exactly the same procedure and c
ters of similar size have been used.

TABLE VIII. Optical transitions of aK center ~[Si•! from
MRD CI calculations.a

State Character Te ~eV! f (r ) S ici
2

X1 2A1 Si(sp3)1 0.91
1 2A2 N(2p)2→Si(sp3)1 4.1 0.0013 0.87
2 2A2 N(2p)2→Si(sp3)1 4.4 0.006 0.87
2 2A1 N(2p)2→Si(sp3)1 4.9 0.009 0.86
3 2A1 Si(sp3)1→N-Si antibonding 5.1 0.11 0.89

aTe5transition energy;f (r )5oscillator strength;S ici
25sum of co-

efficients of all main configurations in the final CI wave functio
Calculations based on the SiN3 model, Fig. 4~a!.
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The transitions of aK center have been studied with th
SiN3 cluster model inCs symmetry, Table VIII. The lowest
transitions involve the excitation of one electron form a no
bonding 2p orbital on the neighboring N atoms to the sing
occupied level on Si; this state is found at 4.1 eV above
ground state; other transitions with similar character
found at slightly higher energies, 4.4 and 4.9 eV, just bel
the conduction-band edge. The lowest transitions of theK
center correspond therefore to a charge transfer from ne
boring N atoms to Si; in this case, the difference in the cr
talline potential between sites could play a role and affect
transition energies. The first excitation of the unpaired el
tron into the conduction band is computed at 5.1 eV, Ta
VIII. This value is probably overestimated because of t
inaccurate representation of the conduction band. It is p
sible that the excitation of the Si dangling bond electron in
the conduction band is the origin of the photobleaching
paramagnetic centers in Si3N4.

16 The electron promoted in
the conduction band can then be trapped at a N dangling
bond with formation of aK1-N2 pair. A comparison of the
transitions of theK defect with the analogous center in silic
the E8 center, is useful. TheE8 center consists of a Si dan
gling bond bonded to three O atoms.56 This is the simplest
description of the defect and corresponds to what is actu
present on the surface of silica.34,57 In the bulk, however, the
structure of the defect is more complex and the nature of
lowest transition is different, involving two Si atoms aroun
the defect.34 For the surface case, however, the situation c
be directly compared. It has been found that the lowest
citation of an isolated O3wSi• defect occurs around 6 eV an
is due to the promotion of one electron from the nonbridg
oxygens to the Si dangling bond;34 this is practically the
same kind of excitation found in N3wSi•, Table VIII. The
main difference is that in the nitride case the excitation
curs at smaller energies, consistent with the smaller gap
this material compared to SiO2.

IV. CONCLUSIONS

The electronic structure of paramagneticN andK centers
in Si3N4 has been studied by means ofab initio calculations
and cluster models. The calculated spectral properties, in
ticular the isotropic hyperfine coupling constants, the vib
tional frequencies of the hydrogenated variants of theN and
K centers, and the valence-band density of states are
consistent with the corresponding measured quantities. T
provides a validation of the cluster model approach and
ditional support to the structural models ofN andK centers
proposed in the literature.1,10,13These point defects consist o
an unpaired electron largely localized on a two-coordina
N and on a three-coordinated Si atom, respectively. The
defects give rise to different states; theN center corresponds
to a level in the valence band, while theK center is associ-
ated to a state placed in the middle of the gap. The posi
of these levels is important to understand the complex
havior of these centers which tend to disproportionate toN1

and N2 and K1 and K2, respectively.11,12 Work is in
progress to analyze this behavior in more detail.58

We also considered the optical transitions associated
these defects. We have found thatN centers give rise to weak
absorptions in a region from 4.4 up to 5.3 eV, i.e., close
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the conduction-band edge. TheK center originates transi
tions in a similar spectral region. Direct experimental e
dence of the transitions described in the calculations does
seem to exist. This may be due to the difficult detection
these weak transitions which could be covered by the tail
the conduction-band edge, but also to the fact these cen
are metastable and tend to transform into their charged c
terparts. Indeed, photobleaching ofN0 centers has been ob
served for a wide range of photon energies, with maxim
efficiency around 2.85 eV.16 The photobleaching is probabl
connected to the conversion of neutralK0 and N0 centers
tu
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into their charged variants,K1 andN2, through mechanism
which are not yet fully understood.

It has been suggested that theN and K centers are the
analogous defects of the NBO andE8 centers in silica. We
found that there is a close resemblance of the nature o
transitions of aK center in Si3N4 and anE8 center at the
surface of SiO2. The main difference is that all the trans
tions in Si3N4 are redshifted by about 2 eV, a fact which
consistent with the lower band gap of this material with
spect to SiO2. TheN center, on the contrary, exhibits trans
tions which are much higher than in a NBO center in SiO2,
despite the fact that the nature of the excitation is simila
.
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