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Vibrational modes and electronic properties of nitrogen defects in silicon
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Nitrogen impurities form complexes with native defects such as vacancies and self-interstitials in silicon
which are stable to high temperatures. These complexes can then suppress the formation of large vacancy and
self-interstitial clusters. However, there is little known about their properties. We use first-principles density-
functional theory to the determine the local vibrational modes, electrical levels and stability of a range of
nitrogen-interstitial and vacancy complexes. Tentative assignments of theABC photoluminescence line and the
trigonal SL6 EPR center are made to substitutional-nitrogen pair and the substitutional-nitrogen–vacancy
complex.
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I. INTRODUCTION

Nitrogen defects in Si have recently come under scrut
for their effect on the formation of deleterious defects. F
instance, nitrogen is known to reduce the concentration
substitutional Au centers introduced into Czochralski-Si
750 °C probably by trapping vacancies.1 It is also known that
nitrogen interacts with oxygen in a complex way, and so
of these products are electrically inactive,2,3 while others are
possibly shallow thermal donors.4–10 Nitrogen also locks
dislocations,11–13modifies oxygen precipitation,14,15and may
induce transient-enhanced diffusion of dopants.16 It also sup-
presses void formation which are known to degrade the p
erties of semiconductor devices, as they can cause failur
gate oxides.17 The mechanism may be due to the formati
of nitrogen-vacancy centers stable at the grow
temperature.18

The equilibrium vacancy concentration at a growth te
perature of;1400 °C depends on the formation energy
the vacancy. Values around 1012 cm23 occur assuming a va
cancy enthalpy of ;(3.6210kBT) eV derived from
positron-annihilation studies.19 However, a considerable un
certainty arises from the large range of formation energ
for the vacancy derived both from theory and from expe
ment (;2 –4 eV, Refs. 19–24!. In addition, the vacancy
concentration at the growth temperature depends in a c
plicated way on details of the growth, and values
;1015 cm23 have been suggested at;1400 °C.25 If the ni-
trogen concentration exceeds that of the vacancy, then it
been suggested that nitrogen-vacancy centers c
form,17,26–28 suppressing the formation of voids. Such d
fects have been reported in positron-annihilation experime
examining Czochralski-Si into which N had been implante
although no specific defect center was identified.27 Recent
studies29 have, however, indicated that nitrogen-oxyg
defects2 may also play an important role in complexing wi
vacancies and suppress void formation.
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The most common nitrogen defect in Si is apair of inter-
stitial nitrogen atoms, denoted (Ni-Ni), which was identified
from a combination of channeling and infrared absorpt
experiments coupled withab initio modeling.30 The binding
energy of the pair relative to isolated Ni centers has previ-
ously been calculated to be 3.86 eV~Ref. 31! and 4.30 eV
~Ref. 32!. Substitutional nitrogen (Ns) is detected in rela-
tively small concentrations in implanted material and giv
rise to aC3v electron-paramagnetic-resonance~EPR! spec-
trum labeled SL5.33,34 The defect disappears around 450 °
and has a structure similar to Ns in diamond,35 and with the
spin density mainly localized on one Si atom~73%! with
little spin density on N~7%!. The defect can be aligne
under stress and has a piezospectroscopic stress tensor
an axial component of23.14 eV, indicating a small com
pression of the surrounding lattice along the unique^111&
axis. The defect thermally reorients with the low activati
barrier of 0.107 eV, and a high preexponential factor wh
suggests a thermally activated atomic jump. Although
scribed as trigonal, the SL5 EPR center exhibits unus
properties as a function of temperature, which has been
terpreted in terms of a close-by, metastable structure
which the nitrogen atom lies at a lattice site.36 Annealing
around 400 °C removes SL5 and there is then a growth
other EPR centers associated with nitrogen labeled SL6
SL7, which contain one N atom and SL6 possesses^111&
symmetry,34 although to date, these centers have not b
assigned to specific defects. The spin density on nitroge
SL6 is lower than in SL5 suggesting a larger defect.

An optical center labeled ‘‘ABC’’ has also been correlated
with the presence of nitrogen in the material. This series
three lines is characterized by a zero-phonon line labe
‘‘ A’’ at 1.1223 eV.37,38 Both Zeeman and uniaxial stress e
periments indicate â111& axial symmetry.39 It appears after
annealing above 700 °C, and must therefore represe
rather stable defect, although the concentrations are v
low,37 typically ;1013 cm23. The ABC center gives rise to
©2003 The American Physical Society06-1
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two zero-phonon lines separated by 3.0 meV, which rep
sents the splitting of two excited states, with a third exci
state only visible under a perturbation such as an app
magnetic field.37 The involvement of nitrogen in this optica
center can be inferred from the rough correlation between
N concentration and the optical intensity,40 but is made un-
ambiguous from the 0.22 meV shift in energy when14N is
replaced with15N.41 However, since the optical data is co
sistent with an isoelectronic or spin-zero defect, it is believ
that N is paired with a second component, such as an ac
tor ~e.g., Al!, or a second nitrogen atom. TheABC center is
thought to involve a deep electron trap, to which a hole
Coulombically bound37,42 and can be described as
pseudoacceptor.39 The symmetry of theABC lines may be
thought to point to nearest-neighbor donor-accpetor pa
and in particular N-Al, although early reports seemed to r
this out.37,40

Limited data are available regarding the location
N-related electrical levels in the band gap. Early experime
suggested that Ns possesses a shallow level (Ec

20.017 eV).43 However, this was later shown to be in err
since the SL5 EPR center is associated with a ‘‘de
level.’’34 N-related levels atEc20.19 eV (E2) and Ec
20.28 eV (E3) have been observed in deep-level transi
spectroscopy~DLTS! of n-type material doped during
growth,44 although these centers constitute, respectively, o
0.1% and 0.01% of the total nitrogen concentration of
material (1015 cm23). No levels were detected inp-type ma-
terial. An acceptor level labeledT1 atEc20.42 eV and con-
centration;1015 cm23 was found whenn-type silicon, into
which nitrogen had been diffused at around 700 °C, w
quenched.45 This was assigned to a vacancy-dinitrogen co
plex, although there was no direct evidence for the num
of nitrogen atoms in the center. In the material that w
quenched~1 s! from the nitrogen in-diffusion temperatur
(750–850 °C) to room temperature and subsequently
nealed at room temperature or 100 °C for a few hours,
depth profile ofT1 followed that of the nitrogen profile an
was activated with an energy of 2.65 eV: a value close to
diffusion barrier of (Ni-Ni).

46 T1 was not formed when in
terstitials were also introduced during the process by ox
tion. The suggestion was made thatT1 was a complex of
(Ni-Ni) with a vacancy introduced by the quench. One mig
have expected DLTS levels due toVP or V2 complexes,
which are close to theT1 level, to be also formed but thes
were not reported.

Previous modeling studies31,47 suggest that interstitial ni
trogen has a formation energy very similar to the subst
tional form but diffuses rapidly47 with a barrier of only
0.4 eV. Thus, any conversion of the substitutional spec
into the interstitial one would be followed by loss of nitroge
to traps such as other impurities~including nitrogen!, vacan-
cies or self-interstitials. The activation energy for the moti
of the interstitial nitrogen pair is found to be;2.8 eV ~Ref.
48! and close to the the observed diffusion energy
nitrogen.46

A number of nitrogen-vacancy complexes have recen
been the subject of theoretical investigations.26,31,32,49The
04520
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complexes where one or two interstitial N atoms form co
plexes with various numbers of vacancies have been
cussed. The binding energy of a single vacancy with Ni ,
which creates substitutional nitrogen Ns , is roughly the for-
mation energy of the vacancy. This results in approximat
equal formation energies for substitutional and interstitial
trogen. Nelsonet al.49 calculated that a complex of Ns and a
lattice vacancy is bound by 1.73 eV and the Ns migration
energy barrier, controlled by a vacancy mechanism,
4.44 eV. An interstitial pair (Ni-Ni) binds to 1–5 lattice va-
cancies with incremental binding energies of 0.82–1.29 e
4.07–4.55 eV, 1.68 eV, 1.50 eV, and 2.16 e
respectively.31,32,26

In this paper, we determine the vibrational properties
nitrogen-vacancy centers with a view that these might
helpful in the characterization of the defects. Such an
proach has proved successful in identifying the domin
nitrogen center—the interstitial pair.30 However, an unam-
biguous identification is more likely to be made if oth
properties can be correlated with the defect, such as t
electrical levels and likely thermal stability. We describe t
details of our computational method in the following sectio
In Sec. III, we give our results, and conclude in Sec. IV.

II. METHOD

We employ a spin-polarized local-density-functional s
percell code~AIMPRO!,50,51 together with a Perdew-Wan
exchange-correlation energy parametrization.52 The
Bachelet-Hamann-Schlu¨ter pseudopotentials are used for
and the Martins-Troullier pseudopotentials for N to elimina
core electrons.53,54 The calculations were carried out in 64
216 atom cubic supercells and typically eight specialk
points generated by a Monkhorst-Pack scheme~MP-23)
were used to sample the Brillouin zone.55 The Si wave func-
tion basis is composed of independent sets ofs andp Gauss-
ian orbitals with four different widths, and one addition s
of d orbitals centered at each atomic site. The N atoms w
treated using four independent sets ofs, p, andd Gaussians.
The charge density is expanded in plane waves with an
ergy cutoff of 150 Ry. The error in the lattice constant a
bulk modulus of silicon using this basis is less than 1
while the direct and indirect band gaps are within 3% a
4% of previously published plane-wave local-densi
approximation values (2.67 eV and 0.49 eV, Ref. 56!.

Local vibrational mode frequencies were obtained fro
the second derivatives of the total energy with respect to
positions of the defective atoms and their Si neighbors. T
contributions to the dynamical matrix from other Si atoms
the supercell were found from a Musgrave-Pople interato
potential57 fitted from the double derivatives of bulk silico
obtained usingAIMPRO. Typically, modes are calculated t
within 5–10 % of experiment.

We use the formation energy of a defectX in charge state
q defined by

Ef~X,q!5ESC~X,q!2S (
i

m i D 1q~Ev1me!1x~X,q!,

~1!
6-2
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whereESC(X,q) is the energy of the supercell containing t
defect,m i are the chemical potentials of atom typesi in the
cell, and the sum is over all atoms.Ev and me are the
valence-band top and electron chemical potential, resp
tively, andx(X,q) is a correction term that includes the ele
trostatic energy due to the supercell approximation as we
the quadrupole interaction, and higher-order terms.58 There is
also an influence from the difference in asymptotic poten
between a defective and bulk cell, although this is usua
small enough to be neglected. Typically for charged cells,
dominant term is the electrostatic term of the order of 0.1
for q561. The chemical potentials for Si and N may b
taken to be the energy per atom in the bulk and nitrog
molecule, respectively, although, due to the numerical un
tainty in such calculations, one typically refers to the form
tion energy per N atom, or binding energies where the te
in mN cancel. However, the absolute formation energy c
trols the equilibrium density of defects and allows us to co
pare the concentration of, for example, substitutional a
interstitial nitrogen defects. These is obtained from the
pression

@X#'Ns~X!e2Ef (X)/kBT, ~2!

where@X# is the concentration of defectX, Ns(X) is the site
density forX in the material,kB is Boltzmann’s constant, an
T is the temperature. Relative solubilities are independen
mN where the number of impurity species is the same, s
as for the ratio of the concentrations of interstitial and s
stitutional nitrogen:

@Ni #

@Ns#
;

Ns~Ni !

Ns~Ns!
expS Ef~Ns!2Ef~Ni !

kBT D , ~3!

since in the difference in formation energyEf(Ns)
2Ef(Ni), themN cancel.

Binding energies are defined for the reactionA1B→C as

Eb~C!5Ef~A!1Ef~B!2Ef~C!, ~4!

so that a positive binding energy represents a bound sys
The acceptor and donor activities can be established

comparing the ionization energy or electron affinity of t
defect cell with some known marker. It is convenient to u
bulk silicon, as suggested previously.59 Then, for example, a
single donor and acceptor level can be evaluated by rep
ing Ev in Eq. ~1! by ESC(Bulk,0)2ESC(Bulk,1) and using
Ec5ESC(Bulk,21)2ESC(Bulk,0). Assuming that the term
in x are similar for different cells, this yields

E~0/1 !5Ev1$ESC~X,0!2ESC~Bulk,0!%2$ESC~X,1!

2ESC~Bulk,1!% ~5!

E~2/0!5Ec2$ESC~X,0!2ESC~Bulk,0!%1$ESC~X,21!

2ESC~Bulk,21!% ~6!

Typically, errors of the order of 0.2 eV are anticipated fro
such calculations, although in some cases, the error ca
04520
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larger still, especially where there are reconstructed dang
bonds such as found in vacancy centers which are not p
erly treated using supercells.

III. RESULTS

To compare with previous results, we first investigated
single nitrogen interstitial (Ni) and the interstitial-nitrogen
pair (Ni-Ni), together with self-interstitials. The interstitia
nitrogen pair is known experimentally to be the domina
N-related center in silicon. Then we have examined co
plexes formed by the addition of lattice vacancies: name
the isolated substitutional nitrogen (Ns), the substitutional-
interstitial pair (Ni-Ns), the complex of substitutional nitro
gen with a lattice vacancy (NsV), the close-by substitutiona
pair (Ns-Ns), and the disubstitutional-nitrogen–vacan
complex, (Ns-Ns)V. Other complexes including higher-orde
vacancy aggregates with nitrogen and complexes of inte
tial nitrogen with self-interstitials are also discussed. For
these defects, a structural optimization was performed
their vibrational and electronic properties investigated.

A. Interstitial nitrogen, N i

Several sites for Ni were investigated: the bond-cente
^001& split-interstitial, hexagonal, and tetrahedral site co
figurations. The lowest-energy configuration for the neut
defect is the distorted̂001&-oriented split-interstitial, where
the idealC2v symmetry has been lost through a slight d
placement of the core Si atom along^110&. The angle be-
tween the central NuSi bond and̂ 001& is 13 °. The struc-
ture can be understood as a pair of N and Si atoms shari
lattice site, and is shown schematically in Fig. 1~b!. As one
might expect, the N atom has threefold coordination. T

FIG. 1. Schematic representation of defects containing a sin
N impurity. Black and gray circles represent the N and Si atom
respectively.~a! Fragment of the Si lattice,~b! the C1h , approxi-
mately ^001& split-interstitial structure for Ni , ~c! the puckered
bond-centered structure for Ni , and ~d! the (NsV) complex. The
vacant site in~d! is represented schematically by a dashed circl
6-3
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charge density in the mirror plane is shown in Fig. 2. T
confirms that there is weak bonding interaction with t
nearest Si neighbors, labeled 2 and 3 in Figs. 1~b! and 2, and
none between the atoms labeled 1 and 4, as suggested in
47. The structure is similar to that of the carbon interstit
which possessesC2v symmetry in all the three charg
states.60,61 The distortion alonĝ 110& does not occur in the
positive charged center. The split-interstitial ground-st
structure of Ni is in agreement with previous work,31,32but it
is not clear whether the small distortion fromC2v was al-
ways considered. The formation energy of Ni is very close to
that of Ns , and hence one would expect similar equilibriu
concentrations.

For the stable neutral defect, we find that the three NuSi
bond lengths are very similar to each other: 1.72, 1.76,
1.77 Å, the;^001& bond being the shortest. These are on
around 5–7 % shorter than the sum of the covalent radii o
and Si ~75 and 111 pm, respectively!. The Si-Si distances
from the central Si atom are 2.27, 2.27, and 2.60 Å, wh
the long ‘‘bond’’ leads to the over coordination. These valu
deviate from the bulk silicon by just 2%, 2%, and 11%. T
energy of the split interstitial constrained toC2v symmetry is
around 0.1 eV higher than the ground-state structure
broad agreement with a previous study.32

The local vibrational modes~LVM’s ! of the C1h defect
are listed in Table I. The two higher-frequency modes
made up from NuSi stretch modes, and are confined to t
plane of the defect. The lower lying mode is localized mos

FIG. 2. A contour plot of the charge density in the (110̄) mirror
plane of the neutral Ni center in silicon. The gray and black circle
indicate Si and N sites, respectively. The horizontal and vert
axes are@110# and @001#, respectively.

TABLE I. Local vibrational modes and their symmetries for th
C1h Ni defect ( cm21). All modes are IR and Raman active due
the low symmetry. The Si isotopes refer to the core Si atom.

Isotopes Frequencies~symmetries!

14N28Si 550 (A9) 773 (A8) 885 (A8)
15N28Si 550 (A9) 754 (A8) 862 (A8)
14N29Si 547 (A9) 771 (A8) 884 (A8)
15N29Si 547 (A9) 752 (A8) 860 (A8)
14N30Si 544 (A9) 769 (A8) 882 (A8)
15N30Si 544 (A9) 750 (A8) 859 (A8)
04520
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on the central Si atom and consists of the Si atom interac
with its two close-by Si neighbors. The energy associa
with the calculated local modes is comparable to the bar
between the two equivalentC1h structures. This suggests th
tunneling effects may be significant and the effective sy
metry would then beC2v .

A competing structure places the N interstitial into t
bond center@Fig. 1~c!#, which is the preferred location for a
isolated interstitial-oxygen impurity in silicon.62,63,51 In our
calculations, the trigonal bond-centered structure posse
compressed NuSi bonds of 1.62 Å. This highly straine
system can be relaxed by puckering the SiuNuSi bond,
and thus relaxing the symmetry fromD3d to C1h , C2, or no
symmetry. We find the lowest energy bond-centered de
possesses a SiuNuSi bond angle of 135 °, and SiuN
bond lengths of 1.66 and 1.67 Å. For theC2 structure, the
nitrogen atom is displaced by 0.8 Å along^1̄10& @see Fig.
1~c!#, reducing its energy by 0.13 eV. The displacement a
energy drop are very similar in theC1h geometry, suggesting
that there is no strong preferential direction for the buckin
The low energy suggests that tunneling is possible betw
equivalent minima and the defect assumesD3d symmetry.

The energy of the bond-centered neutral interstitial is o
;0.5 eV higher than that of the split interstitial and since t
bond-center structure lies on the diffusion path connect
two split-interstitial structures, it supports previous modeli
studies47 indicating a relatively fast diffusing species.
crude estimate of the diffusion barrier comes from the ene
difference of the bond-centered species and the split inte
tial, i.e., around 0.5 eV. This suggests that the interstitia
mobile at room temperature like that of the boron and carb
interstitials, but in strong contrast with oxygen.

The interstitial at the nonbonded hexagonal and tetra
dral sites have energies 2.37 and 2.06 eV, respectively
comparison with the ground-state structure. These struct
can, therefore, be discounted on energy grounds, and p
ous studies have indicated that these sites are unstable i
absence of a symmetry constraint.47

We have also examined various charge states. In all ca
we find that thê 001& split interstitial is the lowest in energy
Using the approach outlined in Sec. II, we find that th
structure possesses a donor level aroundEv10.5 eV and an
acceptor level aroundEc20.2 eV. These results are in lin
with previous studies using a slightly different method bas
on formation energies.31

B. The nitrogen di-interstitial pair, „Ni-Ni…

It is known that this is the dominant nitrogen defect in S
possessesC2h symmetry, and is stable to about 800 °C.30

The structure is shown in Fig. 3~b!, where the nitrogen atom
and two silicon atoms form a square.30 The binding energy of
the two Ni is found here to be 3.67 eV in reasonable agr
ment with the value obtained previously.31,32

The large binding energy coupled with the high mobili
of the isolated nitrogen interstitial is consistent with the o
servation that the (Ni-Ni) is the dominant nitrogen species
the growth temperatures;1400 °C. The calculated LVM’s
of the defect are given in Table II, where they are compa

l
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FIG. 3. Schematic representation of defec
containing two N impurities. Black and gra
circles represent the N and Si atoms, respective
~a! Fragment of Si lattice,~b! the C2h (Ni-Ni)
complex,~c! the D2d , moleculelike split intersti-
tial (Ni-Ns), ~d! the Ns–bond-centered Ni com-
plex, ~e! (Ns-Ns), and~f! the (Ns-Ns)V complex.
The vacant site in~f! is indicated schematically
by the dashed circle.
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with experimental data. There are two IR-active and t
Raman-active local modes. The error in the calculated
quencies is around 1% or less and is a much better agree
than previous studies.30 The effect of Si isotopes is to shif
the two lower modes by around 2 and 4 cm21 for 29Si and
30Si, respectively, with a smaller effect (<1 cm21) on the
higher-frequency modes.

Our calculations show that the defect does not poss
any deep donor or acceptor levels.

An alternative possible structure is composed of split
terstitials at next-nearest-neighbor sites. This is called
Humble ring. This structure is around 2 eV higher in ene
than the C2h defect. Another candidate is based on t
lowest-energy di-self-interstitial model of Kimet al.64 In the
nitrogen-containing analogous structure, an interstitial pai
nitrogen atoms alonĝ110& are placed near an interstitial-S
atom. This is 4.5 eV higher in energy than theC2h defect. A
third alternative where the N interstitials lie in parallel bo
centers and reconstruct to form ap-bonded structure, simila
to that of the ground-state di-self-interstitial in diamond65 is
3.5 eV higher in energy. We conclude that theC2h structure
shown in Fig. 3~b! is the stable form of the di-interstitial.

TABLE II. Local vibrational modes and their symmetries for th
most stable interstitial nitrogen pair ( cm21). Modes that are infra-
red or Raman active by symmetry are denoted by IR and RA,
spectively. Also listed are the experimental values from Ref. 30

Isotopes Symmetry Calculated Activity Observed % Err

Ag 1070.0 RA
14N14N Bu 967.8 IR 962.1 0.6
(C2h) Bu 772.9 IR 765.6 1.0

Ag 743.1 RA
A8 1056.0 IR, RA

14N15N A8 952.5 IR, RA 946.9 0.6
(C1h) A8 766.5 IR, RA 758.5 1.1

A8 731.8 IR, RA
Ag 1037.8 RA

15N15N Bu 941.4 IR 936.3 0.5
(C2h) Bu 755.4 IR 748.3 0.9

Ag 725.4 RA
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C. „Ni-Ni…-self-interstitial complexes

Since nitrogen appears to reduce swirl defects linked
self-interstitial aggregates,28,46,66 we have examined com
plexes formed when self-interstitials are added to (Ni-Ni).
Such aggregates may play a role where there is an exce
self-interstitials in the lattice, such as during oxygen preci
tation or irradiation. The lowest energy form found for ai
1Ni1I complex, whereI represents the self-interstitial, i
depicted schematically in Fig. 4. This is in agreement w
earlier studies.26 The structure can be thought of as the t
self-interstitial structure assigned to th
W-photoluminescence center,67 but where two of the self-
interstitials have been replaced with N. The resulting str
ture hasC1h symmetry. The reaction

~Ni-Ni !1I→~Ni !2I

is exothermic by 1 eV assuming a formation energy for
isolated neutral self-interstitial of 3.4 eV.68 This binding en-
ergy, which is close to that derived by Kageshimaet al.,26 is
relatively small when compared to, for example, the bind
energy of (Ni-Ni). Nevertheless, this result shows that
pairs can act as shallow trap for self-interstitials. Alternat
structures based on the O3 EPR center in diamond,65,69or the
compact structures seen for self-interstitials aggregates70,71

have much higher energies.
The structure gives rise to a number of LVM’s above t

Raman frequency, as indicated in Table III. The effect of
isotopic substitution is relatively small (,2 cm21), and has

-

FIG. 4. Schematic representation of (Ni)2I complex~b!. Black
and gray circles represent the N and Si atoms, respectively. A
shown in~a! is a section of defect-free material for comparison.
6-5
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been neglected in all cases other than the self-interst
atom bonded to both N impurities.

We predict that (Ni)2I does not possess an acceptor lev
and a single-donor level lies aroundEv10.2 eV.

We have also examined a candidate structure for (Ni)2I 2
based on the tetra-self-interstitial, which in the positiv
charge state is likely to be responsible for the B3 E
center.72 This structure is not bound when compared to
ground-state structure of (Ni-Ni) and an isolated di-self
interstitial. An alternative structure might exist with lowe
energy.

D. Substitutional nitrogen, Ns

As stated above, it has been established by electron p
magnetic resonance that the neutral substitutional-nitro
defect has trigonal symmetry,34 and this has been reproduce
by various levels of theory.30,31,73–75Although, the energy
drop associated with the trigonal distortion varies consid
ably with the theory used, the most recentab initio calcula-
tions suggest a value of around 0.1 eV.31 We find that the
on-site (Td symmetry! and distorted (C3v symmetry! defects
are within 80 meV of each other, and that this result is in
pendent of basis set, and is also found in a 216-atom
cell. However, despite the incorrect ordering of the energ
of the two symmetries, the small-energy difference is con
tent both with previous theory31 and with the experimentally
obtained energy difference of around 0.1 eV.36 The trigonal
form possesses a single dilated bond of 2.89 Å, and th
strong SiuN bonds of 1.86 Å, which corresponds ve
closely to the sum of the Si and N covalent radii, and is i
broad agreement with previous calculations. The format
energy of the neutral substitutional defect is calculated to
around 0.1 eV higher than the isolated interstitial.

The local vibrational modes consist of a doubly degen
ate mode around 637 cm21 for 14N with a downward shift of
16 cm21 for 15N. This compares favorably with experimen
tal value of 653 with a shift of 11 cm21.76 The 2–3 % error
is within that expected for the method.

The axial component of the piezospectroscopic stress
sor has been evaluated experimentally34 to be23.14 eV per
unit strain. The experimental value is relatively small,92 con-
sistent with the ease with which the defect can reorient.
have calculated the theoretical value using an approach
scribed elsewhere,51,77 and derive a value of21.5 eV per
unit strain in a reasonable agreement with the measu
value. Ns is a tensile defect and would cause a lattice c

TABLE III. Local vibrational modes and their symmetries fo
(Ni)2I ( cm21). Modes are all infrared and Raman active by sy
metry. The Si isotopes refer to the atom bonded to both N atom

Isotopes Frequencies

14N14N28Si 566.3 570.4 574.8 810.4 834.8 936.2 947
14N15N28Si 566.3 570.1 574.8 796.4 827.7 915.3 943
15N15N28Si 566.3 569.8 574.8 790.5 812.5 910.9 921
14N15N29Si 563.4 568.5 572.1 807.4 833.3 936.2 947
15N15N30Si 560.9 566.7 569.7 804.7 832.0 936.2 947
04520
al

l,

-

e

ra-
n

r-

-
it
s

s-

e

a
n
e

r-

n-

e
e-

ed
-

traction which, in principle, could be measured by x ray
assuming a sufficiently high concentration of nitrogen. W
find thatda0 /a0 would beh@Ns /NSi#, whereh is 20.05.

In the neutral charge state, the highest occupied leve
orbitally nondegenerate state as in diamond, andnot a degen-
eratee level. The spin density is localized on the unique
neighbor to N~40%! and weakly on N~4%! which agree to
within a factor of 2, typical for our method, with experimen
tal values of 73% and 7%, respectively.34 The p components
on the Si and N atoms are calculated to be 91% and 7
respectively, which compares favorably with the experime
tal values of 88% and 72%.34

We have calculated the donor and acceptor levels fors
using the method described in Sec. II. In contrast with val
previously obtained from theory,31 we find a donor level
around Ev10.5 eV and an acceptor level aroundEc
20.4 eV. There are likely to be corrections to these levels
the order of 0.2 eV.78 The donor level is consistent with th
deep nature of the level associated with the SL5 E
center.34

E. Substitutional-nitrogen–lattice vacancy complex,„NsV…

We have considered a structure, where a substitutiona
defect borders a single lattice vacancy. This is analogou
the phosphorus-vacancy complex orE center which is
known from EPR to haveC1h symmetry when neutral.20 In
the one-electron picture, the neutral trigonal center can
described asa1

2e1 corresponding to a2E ground state, as is
the case in diamond.79 This is expected to lead to a Jah
Teller distortion leading to pairing of two Si dangling bond
We find no significant-energy reduction found when two
the Si neighbors are paired leading to a defect withC1h
symmetry. This possibly represents a failure in the dens
functional supercell approach for treating vacancylike rec
structions. However, the unique Si-Si pair in the planar v
sion is around 3.16 Å compared to 3.35 Å in the trigon
case, suggesting the formation of a weak reconstruction.

The spin density in the neutral charge state is localiz
mainly on the Si-dangling bonds, with around 1% located
the N atom and less than that found for Ns . If any distortion
from trigonal symmetry is small or dynamic in nature, th
might therefore represent a model for either the SL6 or S
EPR center, in which the spin density on the N atom is a
less than in SL5.

Assuming a vacancy formation energy as 3.3 eV,24 we
find a binding energy of 1.6 eV forV with Ns , close to a
value found previously.49 This value is the same as the bin
ing energy of oxygen with a vacancy.51 Moving the nitrogen
atom to a second-neighbor site to the vacancy increases
energy by 1.3 eV. Thus, we conclude that nitrogen does
deed border the vacancy, as for phosphorus, but in con
with boron where the next-nearest-neighbor location is
lieved to be most stable for the neutral defect.80

The defect possesses single and double acceptor le
which are calculated to lie at aroundEc20.7 eV andEc
20.5 eV, respectively. The small separation between
first and second donor levels is probably unrealistic an
failing of the method.78

-
.
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As with the substitutional defect, (NsV) possesses a pa
of degenerate local vibrational modes above the Raman
quency. These are calculated to lie at 663 cm21 and
646 cm21 for 14N and 15N, respectively. Substituting a
single silicon neighbor of the N atom with29Si or 30Si splits
the degeneracy and lowers one mode by around 1.5 cm21 or
2.9 cm21, respectively.

F. „Ni-Ni…-vacancy complexes

We considered two different structures for the interact
between two N interstitials and a single lattice vacancy.
the first, the pair of nitrogen atoms lay at the center of
vacancy making equivalent bonds with all four silicon neig
bors@see Fig. 3~c!#. The structure hasD2d point-group sym-
metry and has been suggested previously.30–32 We find the
binding energyEb of the interstitial pair with a vacancy to b
1.3 eV, taking the formation energy of the vacancy to
3.3 eV, as before. The equilibrium concentration of the
defects formed by the reaction (Ni-Ni)1V→(Ni-Ns) is then
given by93

@~Ni-Ns!#5
@V#@~Ni-Ni !#

@Si#
exp~Eb/kBT!,

where@X# is the concentration of speciesX. @(Ni-Ns)# is then
negligible compared to the nitrogen pair at 1400 °C if t
vacancy concentration is<1015 cm23. However, during
nonequilibrium cool down conditions,94 these defects migh
be formed in measurable quantities, and can be detected
their LVM’s ~see below!.

The N-N bond length is calculated to be 1.43 Å, which
much longer than that in the N2 molecule (1.1 Å), and the
surrounding NuSi bonds are 1.80 Å. The SiuN bonds are
around 15% longer than that in a Si-N crystal, but are cl
to the sum of appropriate covalent radii.

The calculated LVM’s for this structure are given in Tab
IV. In particular, we found that there are two IR activ
modes above the Raman frequency. Isotopic substitutio
the Si neighbors lowers the 753.4 cm21 mode by around 1
and 2 cm21 for 29Si and 30Si, respectively, and splits theE
mode by around the same amount. There is no appreci

TABLE IV. Local vibrational modes for (Ni-Ns) in the D2d

configuration ( cm21). The notation follows that in Table II.

Isotopes Symmetry Frequency Activity

A1 1003.6 RA
14N14N E 774.1 IR, RA
(D2d) B2 573.4 IR, RA

A1 987.0 IR, RA
14N15N B2 773.9 IR, RA
(C2v) B1 753.4 IR, RA

A1 569.1 IR, RA
A1 969.8 RA

15N15N E 753.3 IR, RA
(D2d) B2 565.3 IR, RA
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affect on the 1003.6 cm21 mode. The defect does not po
sess a deep donor or acceptor level, but might possess
low levels.

In a second form of the defect, one nitrogen atom lies
the substitutional site and the other to the bond-center
@see Fig. 3~d!#. This has been claimed to be competitive
energy,31 however, we find that the energy of this structure
about 0.6 eV higher than theD2d form. Vibrational modes
for this alternative geometry are given in Table V. One c
understand these modes as they resemble those of the
lated bond-centered defect~the high-frequency mode!, and
those of Ns where theE mode is split by 80–90 cm21.

G. Substitutional-nitrogen pair, „Ns-Ns…

To investigate more stable vacancy nitrogen complex
we considered a reaction where a divacancy interacts w
Ni-Ni forming a close-by pair of substitutional-nitrogen d
fects. Similar pairs are known to form for P,81 and B ~Ref.
82! and nitrogen pairs form the highly stable ‘‘A center’’ in
diamond.83 The symmetry of the defect isD3d @see Fig.
3~e!#. The relaxed NuSi bond lengths are 1.83 Å and th
two nitrogen atoms are separated by 3.51 Å. This agr
with previous calculations.75,32 The SiuNuSi angle is
118 ° and the SiuN bonds are 98 ° from the trigonal axis
indicating that the nitrogen atoms are nearlysp2 hybridized.

The reactions (Ni-Ns)1V→(Ns-Ns) and (Ni-Ni)1V2
→(Ns-Ns) are exothermic by around 3.7 and 3.4 eV, resp
tively, usingEf(V)53.3 eV and the binding energy of tw
vacancies in V2 to be 1.6 eV.24 These values are close to th
previous results,32 especially given the uncertainties i
Ef(V) and Eb(V2). The formation energy of this
substitutional-N pair is 1.6 eV higher than the (Ni-Ni) de-
fect, and hence theequilibriumconcentration of this defect a
1400 °C is negligible mainly because the concentration of2
is negligible. However, in the presence of a supersatura
of vacancies, this defect is the most stable aggregate o
trogen so far considered. Such defects might easily form
implantation experiments.

The energy second derivatives of the N atoms and th
neighbors were then evaluated and their LVM’s calculat
The results are given in Table VI. We found just one I
active mode and one Raman-active mode above the Ra
frequency. The affect of Si isotopes on these modes is
than 2 cm21.

Cunhaet al.75 found by using hydrogen terminated clu
ters containing just the defect and six host atoms that

TABLE V. Local vibrational modes of the Ns-Ni complex
( cm21). The low symmetry renders all modes infrared and Ram
active.

Isotopes
(NsubNbond) Frequencies

14N14N 1163.1 672.8 592.8
14N15N 1131.9 667.9 592.5
15N14N 1163.0 669.9 580.2
15N15N 1131.8 664.8 580.0
6-7
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substitutional pair distorts to aC3v structure in the positive-
charge state, such that the hole was localized on only on
the N atoms. We do not find this to be the case in our ca
lations, with aC3v starting structure relaxing toD3d , and we
suspect that the earlier result was due to the size of t
system. The defect does not possess a deep-donor leve
the calculations suggest that an acceptor level may lie aro
Ec20.2 eV. It is interesting to note that this is consiste
with all the available data regarding theABC center—the
‘‘isoelectronic’’ (S50) nature, the link with nitrogen, the
^111& symmetry, the shallow acceptorlike nature, the ant
pated thermally stability, and the likely low concentratio
Furthermore, the assignment does not depend on the p
ence of a specific acceptor impurity, such as Al. We, the
fore, tentatively assign (Ns-Ns) to theABC center. This as-
signment could be put on a firmer footing if evidence cou
be found for the presence of a pair ofequivalentnitrogen
atoms in the center. This might be achieved if mixed nitrog
isotopic studies were carried out on the PL line in a sim
way to the I2 optical center associated with a pair of bo
atoms.84

Finally, although the available experimental data appe
to make it an unlikely candidate, we have examined the p
sibilty that theABC center is a nearest-neighbor pair ma
up from substitutional N and Al. This defect is, as wi
(Ns-Ns), found to exhibit a shallow acceptor level and po
sess trigonal symmetry. The complex is bound by;1.3 eV,
which is larger than the binding of substitutional-nitrog
pair, and is broadly consistent with the thermal stability
the ABC defect. We cannot rule out this complex as t
source of theABC lines based on these calculations, bu
requires that Al is a risidual impurity in nominally Al-free S

H. The „Ns-Ns…-vacancy complexes

We have added a further lattice vacancy to the nitrog
pair, and following the structure of the (NsV) defect, we
have assumed that both N atoms border the vacancy.
defect is analogous to one in diamond which as a neutral
negative center gives theH2 and H3 optical bands
respectively.85–87 In the case in Si, the spin-zeroC2v sym-
metry defect@Fig. 3~f!# relaxes so that each of the nitroge
atoms is approximately coplanar with their three Si neig
bors. The reconstruction of the other pair of Si bonds is w
as their bond length is 3 Å and probably underestimated
the theory. The binding energy of the vacancy to (Ns-Ns) is
around 1.5 eV, consistent with the previous theory.26

TABLE VI. Local vibrational modes of (Ns-Ns) ( cm21). The
notation follows that in Table II.

Isotopes Symmetry Frequency Activity

14N14N Eu 668.6 IR
(D3d) Eg 666.8 RA
15N14N E 667.8 IR, RA
(C3v) E 650.5 IR, RA
15N15N Eu 651.5 IR
(D3d) Eg 649.6 RA
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The local vibrational modes are given in Table VII. The
closely resemble those of (NsV), as one would expect sinc
the two N atoms in this complex exist in very similar env
ronments to that of the nitrogen impurity in (NsV). As with
(NsV), the effect of isotopic substitution for the silico
neighbors of the two N atoms is modest (<2 cm21).

This defect possesses a deep single acceptor level, w
we estimate to lie aroundEc20.5 eV, but no donor level.

Finally, we investigated the addition of a vacancy
(Ns-Ns)V. It is likely that this forms a vacancy chain alon
^110& with the N atoms replacing the end Si atoms w
dangling bonds. The remaining dangling bonds can be pa
as in the divacancy. The defect was investigated in a
atom cell and hasC2h symmetry. The relaxed structure
stable with a respect to the reaction reaction (Ns-Ns)1V2

→(Ns-Ns)V2 which is exothermic by around 1.5 eV. Th
energy must be uncertain as the structure of vacancy defe
not well described by the supercell method. An addition
vacancy is bound to (Ns-Ns)V by 1.6 eV. The reconstructe
Si bonds have lengths of 2.8 Å and the N atoms relax
form approximately planar structures with their three
neighbors, in a manner similar to (NsV) and (Ns-Ns)V.

The stability of the defect can be understood since
geometry leaves it effectively with no dangling bonds. No
mally, the multivacancy defect reconstructs by pairs to mi
mize the number of dangling bonds that remain,88 forming a
trapping site for impurities, particularly hydrogen. In the cu
rent defect, the two nitrogen atoms tie off these two dangl
bonds with all the Si atoms forming reconstructed bon
The reconstructed bonds are around 2.8 Å, and the N at
relax to form approximately planar structures with their thr
Si neighbors, in a manner similar to (NsV) and (Ns-Ns)V.

Following this generic mechanism, it seems likely th
there are also bound (Ns-Ns)Vn structures withn.2, similar
to vacancy chains with hydrogenated ends,88 although we
have not modeled such complexes. This is in line with
trend found by Kageshimaet al.,26 although some of the
(Ni-Ni)-Vn structures investigated in that study are n
known.

TABLE VII. Local vibrational modes of (Ns-Ns)V ( cm21).
The notation follows that in Table II.

Isotopes Symmetry Frequency Activity

A1 672.0 IR, RA
14N14N B1 664.9 IR, RA
(C2v) B2 664.8 IR, RA

A2 662.9 RA
A8 669.1 IR, RA

14N15N A8 664.0 IR, RA
(C1h) A9 650.4 IR, RA

A9 646.8 IR, RA
A1 654.5 IR, RA

15N15N B1 647.9 IR, RA
(C2v) B2 647.7 IR, RA

A2 645.8 RA
6-8
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IV. DISCUSSION AND CONCLUSIONS

Table VIII gives the formation energy per N atom relati
to that of the dominant center, (Ni-Ni), of the complexes
investigated here. It is clear that the only defect which
more stable than (Ni-Ni) is made up from a pair of (Ni-Ni),
but this possesses a very small binding energy and may
not be significant.

Therefore, it is clear that nitrogen di-interstitial pai
(Ni-Ni) will dominate theequilibriumconcentration of nitro-
gen defects at the growth temperature. A concentration
nitrogen;1015 cm23 is likely to be comparable with or ex
ceed the vacancy concentration. During cooling down,
thermal equilibrium concentrations of vacancies drops
zero, but it seems that the vacancies do not follow their eq
librium values and are frozen in as vacancy clusters wh
eventually make voids, although the details of this aggre
tion are far from clear.

Where nitrogen is present, during this process (Ni-Ni)
could trap a vacancy, divacancy, or even three vacan
forming (Ni-Ns), (Ns-Ns), or (Ns-Ns)V, with the second
structure constituting a particularly stable product. At le
within the range examined in this study, a trend of diminis
ing binding energy of additional vacancies or self-interstiti
to the nitrogen dimer seems to occur, but in the presence
supersaturation of such native defects, a dynamic equ
rium of these centers would be expected.

The calculated LVM’s of (Ni-Ni) are in excellent agree
ment with experiment, and those of Ns are also within 3%.
This gives us confidence in the LVM’s calculated for oth
systems, and it is hoped that this data might lead to
identification of these other N-related centers. A number
nitrogen related modes are known to occur af
implantation89 but have not yet been assigned. A mode
690 cm21 has been assosciated with Ni ~Ref. 90!, but this
seems too low a frequency according to our calculations~see
Table I!. Instead, it is closer to a mode found for (NsV) at
663 cm21. The downward shift of the two modes with15N
are exactly the same at 17 cm21. Indeed, we find Ni to be a
highly mobile defect, whereas the 663 cm21 mode disap-
pears by 600 °C. Modes due to unknown defects at 782
790 cm21 are in the region of a mode found here for (Ni-Ns)
at 774 cm21 ~Table IV!. Again the calculated isotope shift
with 15N, 21 cm21, is close to that of the 782 cm21 mode at

TABLE VIII. Relative formation energies per N atom for th
various configurations discussed in this report~eV!. The zero of
energy is defined by that of the (Ni-Ni) defect.

Defect 2(Ni-Ni) (Ni-Ni) (Ns-Ns) (Ni-Ns) (Ni)2I
Ef /N atom 20.06 0.00 0.79 0.99 1.25

Defect (Ns-Ns)V Ni Ns (Ns-Ns)V2 (NsV)
Ef /N atom 1.71 1.83 1.99 2.54 3.71
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20 cm21. This defect disappears at 400 °C. It is clear th
much could be learned through a careful infrared study
these modes.

The various defects examined can also be character
by the electrical levels they possess. The deep-donor leve
Ns is in agreement with experiment,34 and in contrast with
previous theory.31 The (Ns-Ns)V and (Ns-Ns)V2 centers both
possess relatively deep acceptor levels that might be co
lated with theT1 DLTS center atEc20.42 eV, although
further corroboration would be required from experime
such as EPR. However, we note that Ns is calculated to pos-
sess an acceptor level in this area, and the concentratio
T1 (1013–1014 cm23) is close to that of SL5.34

The E2 andE3 defects occur in very low concentration
This may be due to a high-formation energy, or perhaps
the formation of aggregated defects such as nitrogen-vaca
or nitrogen-self-interstitial complexes. In the absence
more detailed experimental data, such as might be obta
from EPR spectra, a firm assignment of these two deep le
is problematic. However, the location of the levels in the g
are consistent with both Ni and (Ns-Ns). Due to the accuracy
of the theoretical approach, one cannot rule out the acce
levels of the (NsV) or (Ns-Ns)V.

We have shown that the spin localization of Ns is consis-
tent with the interpretation of the EPR data, especially tha
the p-orbital components on the N and the unique Si ato
Furthermore, we have a reasonable agreement in the
ezospectroscopic stress response of Ns .

The identity of the N-related EPR centers, SL6 and S
remains unclear. The EPR evidence points to a single ni
gen atom, together with an intrinsic defect as coimplantat
with carbon and oxygen did not enhance its production. O
possibility is (NsV) and NV2 for SL6 and SL7, respectively
The binding energy of (NsV) is high—around 1.6 eV—and
consistent with a thermal stability of SL6 of around 400 °
~The OV center with a similar binding energy anneals arou
300 °C). It also is consistent with a calculated low spin de
sity on N. The symmetry of (NsV) would be nearly trigonal
if the distortion toC1h was weak. Alternatively, a complex o
nitrogen with a hexavacancy91 could possess trigonal sym
metry and a spin density mainly on Si. Clearly, howev
further work and especially stress alignment studies is
quired on the centers to clarify their identity.

Finally, we comment on theABC luminescent center see
in N-doped material. As pointed out above, there are a nu
ber of properties that are common to the photoluminesce
center and (Ns-Ns). These include the presence of nitroge
their thermal stabilities~the ABC defect is stable to
1000 °C),37 their axial symmetry and the acceptor level clo
to Ec . However, the symmetry of (Ns-Ns) is D3d and not
C3v as assumed for theABC center. We suggest that th
presence of a second equivalent nitrogen atom in the de
could be tested by mixed nitrogen isotopic studies on
shift of the zero-phonon lines of theABC center.
6-9
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