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Noble-gas-related defects in Si and the origin of the 1018 meV photoluminescence line
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~Received 29 July 1996!

The implantation of noble-gas ions in Si results in the appearance of photoluminescence centers that are
closely associated with the intrinsic-defect luminescence at 1018 meV. We present the results of a theoretical
study aimed at identifying these defects. The calculations are performed in molecular clusters at theab initio
and approximateab initio Hartree-Fock levels. Our predictions are as follows.~i! Interstitial noble-gas impu-
rities are not associated with the luminescence and their activation energies for diffusion are large.~ii ! Noble-
gas atoms do not become substitutional, but are strongly repelled by vacancies instead. This suggests an
unusual vacancy-enhanced diffusion mechanism.~iii ! Noble-gas-divacancy complexes are very stable and their
calculated properties show them to be excellent candidates as the defects responsible for the noble-gas-related
photoluminescence.~iv! Larger vacancy aggregates~up to the hexavacancy! cannot be responsible for the
observed luminescence, although the formation of a hexavacancy-noble-gas complex could nicely explain the
disappearance of the luminescence at higher temperatures.~v! Our results imply that the 1018-meV line is due
to the neutral divacancy.@S0163-1829~97!00307-X#
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I. INTRODUCTION

Noble-gas~NG! elements have filledsp shells and are
chemically almost inert. Comprehensive reviews of their h
tory, properties, and chemistry can be found in Ref. 1. So
of the key properties relevant to the present study are g
in Table I. The high promotion energies from the grou
state to states with unpaired electrons and the high ioniza
enthalpies result in little or no chemical activity, especia
for the lighter elements. There are no stable compounds
volving He, Ne, or Ar, although the cations He2

1 and
HeH1 have been detected by mass spectrometry.1 Krypton
forms a few compounds with F, such as KrF2.

Xenon reacts with elements or radicals that have a la
electron affinity. Xenon oxides, fluorides, oxofluorides, an
few other species are known. The oxidation numbers foll
the usual ‘‘group number-2n’’ rule: 8 in XeO4, 6 in XeF6
and XeO3, 4 in XeF4, and 2 in XeF2. Other compounds
exist as well, such as OXeF4, RbXeF8, or XeCl2. In all
cases, the bonds involve almost exclusivelysp hybrids (s
550163-1829/97/55~8!/5037~8!/$10.00
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type!, with little or no d- or f -electron participation. No Xe
silicides have been reported.

Because of their lack of chemical activity, light NG ele
ments are commonly employed in the processing of se
conductors. They provide inert atmospheres for the gro
of the crystals or thermal anneals, and low-energy NG io
are used in dry etching, ion-beam milling,2 sputtering, or
forming thin amorphous films on crystalline surfaces. Im
plantation followed by thermal annealing is carried out
create ‘‘bubbles’’~blistering3!, which are efficient gettering
centers.4 The consequences of NG-ion implantation inclu
the formation of dislocation loops and microtwins,3,5 as well
as the appearance of NG-related photoluminescence~PL!
centers.6

Van Wieringen and Warmoltz7 measured the diffusion co
efficient of He in Si in the range 967 °C–1207 °C. The
obtainedDHe50.11 exp$21.27 eV/kT% cm2/s and reported
not being able to diffuse Ne through their samples.

Kaplan et al.8 performed a theoretical investigation of
NG element in Si. They used extended Hu¨ckel theory~EHT!
of the
ativity
TABLE I. Selected properties of NG elements. The atomic radius is extracted from the properties
solid and the covalent radius is obtained by extrapolating Pauling’s values or from the electroneg
equalization principle~Ref. 1!. Both radii are in angstroms. The~room-temperature! ionization enthalpy and
the promotion energy from the ground to the lowest open-shell state are in eV.

Property He Ne Ar Kr Xe

atomic weight~a.u.! 4.003 20.17 39.94 83.80 131.30
atomic number 2 10 18 36 54
outer shell configuration 1s2 2s22p6 3s23p6 4s24p6 5s25p6

atomic radius 1.6 1.92 1.98 2.18
covalent radius 0.4–0.6 0.70 0.94 1.10 1.30
first ionization enthalpy 24.6 21.6 15.8 14.0 12.1
ns2np6→ns2np5(n11)s1 16.6 11.5 9.9 8.3
5037 © 1997 The American Physical Society
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to calculate a potential-energy surface of interstitial He in
unsaturated cluster of 30 Si atoms. The authors found
the tetrahedral interstitial (T) site is stable and that th
saddle point for interstitial diffusion is the hexagonal inte
stitial (H) site. The energy difference between the two si
was 1.80 eV with lattice relaxation (2.30 eV without!,
leading to the calculated diffusivity DHe51.20
31023 exp$21.80 eV/kT% cm2/s. No level in the gap asso
ciated with interstitial He was found.

In the early 1980s, it was noticed9,10 that NG-related de-
fects inc-Si give rise to sharp deep-level~zero-phonon! PL
peaks. These peaks shift with the NG and are closely rel
to the common but so far unidentified 1018-meV line, a
called theI 1 orW line ~see below!.

Two theoretical studies of NG impurities in Si have be
published shortly following the PL work. They were als
EHT calculations in unsaturated Si clusters containing
host atoms. Interstitial NG impurities were again found11 to
be stable at theT site with a saddle point at theH site, with
no energy levels in the gap. NG impurities in vacancies a
divacancies12 were also considered, but with no geome
optimization. In a divacancy, He, Ne, and Ar were assum
to remain on center, while Kr and Xe were moved along
^111& direction by 0.36 and 0.58 Å, respectively.

While pioneering, these calculations are heavily appro
mated. In situations for which it is well parametrized, EH
gives results that are at best qualitative. In the case of N
there are simply not enough experimental data to use
parametrization and check its validity. Then, EHT uses
product wave function and the method cannot be made s
consistent. Further, the presence of unsaturated Si dan
bonds on the surface of the cluster results in additional
certainties. The calculated properties of impurities and
fects in Si are strongly dependent on the size of the clu
unlessits surface is properly saturated.13 Finally, lattice re-
laxations and distortions play a major, if not dominant, ro
It is crucial to optimize the geometry of the crystal in th
vicinity of the defect or impurity. Examples are discussed
Ref. 14.

Our calculations involve He, Ne, Ar, Kr, and Xe~the
latter only as an interstitial! in the ~relaxed! defect-free crys-
tal, near~just outside! and inside a monovacancy, as well
near ~just outside! and inside a divacancy. Self-interstitia
are not considered in the present work because they
likely to repel NG atoms rather than covalently bind to the
Our goal is to determine if there exists a simple defect w
features consistent with the observed properties of the N
related PL centers.

Most of our calculations require the use of rather lar
clusters. Extensive geometry optimizations with no symm
try assumptions and many degrees of freedom must be
formed. Therefore, while we intend to be as quantitative
possible, our main emphasis here is to obtain the gen
features of the various defect centers. For our purpose
used the~modified! approximateab initio Hartree-Fock~HF!
method of partial retention of diatomic differential overlap15

~PRDDOM!.
The PRDDOM results are comparable tominimal basis-

set ab initioHF ones, but the calculations are much fast
This allowed us to perform a large number of geometry
timizations that would have required prohibitive amount
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CPU time ~if feasible at all! at the ab initio level. The
method provides geometries, energetics, and many detai
the electronic structures. However, it suffers from the dra
backs associated with all minimal basis-set techniques
particular, the energy differences are larger than theab initio
ones and the electronic structures are approximate. In
case of interstitial NG impurities, for which small cluste
can be used, we performedab initio HF calculations with
large basis sets. The comparisons show that the PRDD
andab initio results have identical qualitative features.

This paper is organized as follows. Section II contain
summary of the experimental data and Sec. III describes
methodology. Sections IV, V, and VI present the calcula
properties of interstitial NG impurities, NG-vacancy pair
and NG-divacancy complexes, respectively. Section VII d
cusses the larger multivacancy complexes. The summary
conclusions are in Sec. VIII.

II. SUMMARY OF THE EXPERIMENTAL INFORMATION

NG ions are implanted with typical energies of the ord
of several keV’s. A 300 °C annealing following the implan
tation results2,6 in the formation of a family of deep-leve
defects that give rise to PL spectra. The rich PL spec
consist of a zero-phonon line and its phonon replicas. T
zero-phonon lines are closely related to the 1018-meV
and grow at its expense. They are at 1012~He!, 1014~Ne!,
1009 ~Ar!, 1004~Kr!, and 1001~Xe! meV.

The 1018-meV line appears after an anneal
(;250 °C-300 °C! of Si samples exposed to neutron irradi
tion, ion implantation, thermal laser anneals, or a numbe
other damage-inducing treatments. It is independent of
impurity content of the crystal or of the species being i
planted and therefore must be caused by an intrinsic de
The line hasC3v symmetry

16 and has been tentatively ass
ciated with the electron paramagnetic resonanceA3 center17

~believed to be a trigonal tetravacancy! as well as with the
trigonal di-intersticialcy.18

The NG-related PL lines have the following features.6,9,10

~i! Piezospectroscopic studies show that they corresp
to defects with trigonal (C3v) symmetry in all cases excep
for Xe, which is associated with a tetragonal (C2v) defect.

~ii ! The thermal stability of the complex is relatively low
typically 450°C, but only 300°C for He. After this annea
ing, the PL bands disappear and a new, broad, PL band
pears. The latter is independent of the NG.

~iii ! The occurrence of TA phonon modes in the spectr
shows a coupling of these modes to the NG lines. This led
the suggestion9 that NG-Si covalent bonds are formed. How
ever, an empirical model6,19 based only on the size of NG
atoms provides a simpler explanation that involves the st
resulting from the presence of a NG atom and no cova
interaction. It is indeed unlikely that He, Ne, Ar, or Kr woul
bind covalently with anything, buta priori possible that Xe
could have a positive overlap with several Si dangling bon
although we found no Xe silicide in the literature.

~iv! Sharp zero-phonon transitions and low-energy sa
lites due to quasi-local modes are observed. The rich vib
tional spectrum suggests a complex defect. Some modes
with the NG isotope, while others do not. In particular, t
shift of the main PL line relative to the 1018-meV line
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always toward lower energies, and the smallest shift occ
for Ne.

~v! The splitting of the NG-related PL lines under uniax
stress is highly nonlinear and changes with the NG. Vary
the stress at constant temperature shows that the inte
ratios vary much less than would be expected from the
orientation of four equivalent centers withC3v symmetry.
This suggests that no such reorientation occurs at temp
tures below 40 K.

~vi! The energy threshold required to create the N
related PL centers has been determined2,20–22and is consis-
tent with a defect containing at most three to four vacanc

Experimentally, it is unclear whether the defect respo
sible for the PL forms during the implantation and becom
PL active after the anneal or is created during the annea

An additional feature is worth noticing. According t
standard implantation theory, the implanted NG ions sho
penetrate into the material to a depth of a few dozen a
stroms. Instead, they are observed to penetrate2,23 to consid-
erable depths (;1 mm!. The enhanced diffusion of NG at
oms occurs onlyduring the initial exposure, not the
subsequent annealing. It is not the result of channeling
cause the treatment results in the formation of an amorph
layer on the surface of the crystal. Since vacancies are hi
mobile24 and are believed to be present in above-equilibri
concentrations during the etch,25,26 vacancy-enhanced diffu
sion is suspected. We propose an unusual mechanism in
V.

III. METHODOLOGY

The host crystal is approximated by hydrogen-satura
clusters14 containing 14 host atoms for theab initio calcula-
tions and 44 host atoms~one or two fewer with a vacancy o
divacancy! for the PRDDOM ones. The 44-host-atom clus
contains 5 complete host-atom shells around a bond-cent
site, and none of the first or the second nearest-neigh
~NN’s! are bound to a surface saturator.

As mentioned above, the PRDDOM is fully sel
consistent, contains no adjustable parameters, and prov
highly reliable geometries. The population analysis provid
a wealth of chemical details, such as overlaps, degree
bonding, or Mulliken charges. However, the energetics a
electronic structures are approximate. The method
handle at a uniform level of theory the elements in the fi
four rows of the Periodic Table. It uses a minimal basis se
Slater orbitals, to which we added a set of 3d orbitals for all
the NN’s to the vacancy or divacancy. PRDDOM is mu
faster thanab initioHF, and the use of frozen-core potentia
speeds up the calculations sufficiently to allow gradient
timizations to be done routinely in large systems.

In the case of interstitial NG impurities, for which a goo
small cluster is available,ab initio HF calculations were per
formed in addition to the large-cluster PRDDOM ones.
shown in Sec. IV, both methods predict the same beha
with larger energy differences for PRDDOM.

The ab initio HF calculations were performed with Hay
Wadt ~HW! core potentials27 and a polarized split-valenc
~SV* ! basis set for the Si atoms. The NG atoms were trea
at the all-electron level, also with a SV* basis set, and the
H saturators had a split-valence basis set.
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We tested this approach with KrF2, XeF2, and XeO3, for
which configurations are known1 from experiment or near-
exact theory. We optimized the geometries of the three m
ecules at theab initio HF level and that of KrF2 at the
PRDDOM level as well. In all cases, the correct geome
and~at least qualitatively! electronic structure were obtained
In the case of KrF2, for example, we get a linear molecu
with Kr2F51.86 Å ~ab initio! and 1.94 Å~PRDDOM!. In
Ref. 1 the molecule is linear with Kr2F51.87 Å. Theab
initio bond order is 0.60 with overlap population10.05 and
the PRDDOM degree of bonding is 0.35 with overlap pop
lation10.05 as well. The Mulliken charges are in both cas
10.4 on Kr and20.2 on each F. These numbers are cons
tent with the description of the molecule in Ref. 1. Note th
if the HW pseudopotentials are used for the NG atom, mu
longer and weaker bonds result.

IV. INTERSTITIAL NOBLE-GAS IMPURITIES

Calculations at all levels of theory predict that NG inte
stitials are at theT site. This is not surprising since there
no degeneracy, and the NG atoms are essentially hard
that do not interact chemically with their environment a
therefore tend to be at the roomiest interstitial site availab
This result agrees with the predictions of other authors.

There is very little perturbation to the energy eigenvalu
relative to the perfect cluster in the case of He and Ne, wh
are small and only minimally perturb the host crystal~less
than 1% lattice relaxation!. The presence of Ar, Kr, and Xe
results in increasingly large lattice relaxations around theT
site. At both levels of theory considered, the energy lev
are dragged down from the conduction band and up from
valence band into the gap, which narrows as a result.
absence of deep levels andTd symmetry imply that isolated
interstitial NG are not the defect responsible for the PL.

The saddle point for the diffusion is at theH site. Again,
there is very little lattice relaxation around He and Ne a
larger relaxations around Ar, Kr, and Xe. Theab initio and
PRDDOM activation energies for diffusion are given
Table II. Note that theab initio value for He is close to the
experimental number.

Figure 1 shows the amount of energy needed to inse
free NG atom into aT site in the cluster and allow it to relax

TABLE II. Activation energies~eV! for diffusion of NG inter-
stitials along aT-H-T path calculated in the small and large cluste
with breathing mode lattice relaxations at both sites. TheH site is
able to relax more in the small cluster than in the large one~this
affects the larger NG atoms!. Therefore, theab initio HF activation
energies of Ar, Kr, and Xe are lower limits, while the~large cluster!
PRDDOM ones are upper limits to the actual activation energ
The experimental number for He comes from a high-tempera
permeation experiment~Ref. 7!.

Method He Ne Ar Kr Xe

PRDDOM ~large! 2.11 3.06 6.50 8.47
PRDDOM ~small! 2.33 2.71 4.49 5.42
ab initio ~small! 1.38 2.03 3.51 3.88 3.93
experiment 1.27
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5040 55S. K. ESTREICHERet al.
As expected, the energies increase rapidly with the size
the NG. The high activation energies imply that only He~and
maybe Ne! diffuses alongT-H-T paths below the melting
point of the crystal. Therefore, the isolated interstitial can
be the rapidly diffusing species observed during the impla

Note that PRDDOM predicts larger energy differenc
than large basis-setab initio HF. This is mostly caused by
the use of a minimal basis set and is not restricted to
interstitials in Si. Studies14 involving a wide range a defect
and impurities in semiconductors usin
PRDDOM andab initio HF show that the geometries an
trends are nearly identical with both methods, but the ene
differences obtained at the PRDDOM level are typically 3
50 % larger than theab initio ones. In the case of Fig. 1, th
energy for Kr is very large with theab initioHF method, and
the PRDDOM value is larger still. However, the trends a
clearly the same.

V. NOBLE-GAS–VACANCY INTERACTIONS

The vacancy in silicon is a rapid diffuser in the22, 0,
and12 charge states.24 We consider here only the neutr
charge state. The four dangling bonds reconstruct to fo
two stretched bonds between pairs of Si atoms, with no o
lap between the atoms belonging to different pairs. Althou
their overlap has substantial covalent character, the re
structed bonds are weak~see Ref. 24 for a review of the
experimental work and Ref. 28 for the most recent theor
cal study!. The usual interaction between a vacancy and
interstitial impurity consists in the impurity becoming subs
tutional in order to maximize its overlap with the crysta

FIG. 1. Calculated cost in energy for inserting a free NG at
into the Si cluster at a~relaxed! T site. The PRDDOM energies
~crosses! increase faster with the NG atom than theab initio ones
~circles!, but the two curves are qualitatively the same. The bott
curve shows the relaxation energy at theT site calculated at the
PRDDOM level. The~estimated! covalent radius~Table I! is la-
beledr c .
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Examples include the vacancy–self-interstitial annihilati
and the trapping of one to four H interstitials by
vacancy.28,29

The case of NG’s is radically different because the p
motion energy from the ground to the lowest-energy op
shell configuration is very large~see Table I for the free-
atom values!. As a result, a NG atom in a monovacancy n
only disrupts the rebonding, but is also stronglyrepelledby
the electron density in the reconstructed bonds. This i
Pauli repulsion because the NG orbitals are completely
and any electron overlapping with the NG can only popul
empty orbitals that are very high in energy. Attempts to o
timize a configuration with a NG impurity inside a vacan
results in slow convergence and energies substantially hig
than when the NG impurity remainsoutsidethe vacancy.

The most favorable configuration for the NG-vacancy p
has the NG outside the vacancy, off theT site. However, the
electron density in the reconstructed bonds is sufficiently
localized to render this configuration high in energy as w
The atoms try to position themselves in a way thatminimizes
any electronic overlap with the NG. Even in the best possi
configuration, the NG-vacancy pair is much higher in ene
than the isolated interstitial NG atom far away from a~re-
constructed! vacancy. This repulsion energy is shown in F
2. It increases as one goes down the Periodic Table.

Figure 2 also shows the activation energy for diffusion
the isolated interstitial NG, calculated at the same level
theory. The vacancy-NG repulsion is slightly less than t
activation energy for He and Ne and slightly more for Ar a
Kr. However, the difference between the two curves is
only small but also approximately independent of the N
Thus, if a vacancy with sufficiently high kinetic energy ge
close to any NG interstitial, it will repel just strongly enoug
to make the NG jump to a neighboringT site.

This result suggests a vacancy-enhanced diffusion me
nism that would work similarly for He, Ne, Ar, and Kr. If the
flux of vacancies coming from the surface during the impla
tation is sufficiently energetic, the vacancies would push
NG interstitials deeper into the bulk. The activation ener
for interstitial diffusion minus the repulsion energy from v
cancies gives a net activation energy that is small a

FIG. 2. The solid line shows the energy difference~eV! between
the NG-vacancy pair and the isolated vacancy and interstitial N
The dashed curve is the activation energy for diffusion of the i
lated NG interstitial calculated at the same level of theo
~PRDDOM, Table II!. The difference between the two curves
small and roughly independent of the NG, showing that for the
the size does not matter. The~estimated! covalent radius~Table I! is
labeledr c .
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roughly the same for all the NG, regardless of their size.
Note that one cannot perform Xe calculations at

PRDDO/M level. Therefore, we cannot predict its behav
near a vacancy. It isa priori possible that the electron affin
ity of the reconstructed bonds in the vacancy is high eno
to ionize Xe and result in the formation of covalent bond
However, we think that this is unlikely because Xe is t
large an atom to fit in a vacancy. The net volume availabl
the same as at aT site and the energy needed to put a free
atom there is very large~see Fig. 1!.

VI. NOBLE-GAS –DIVACANCY COMPLEXES

The minimum of the potential-energy surface for a neu
divacancy in Si has been calculated by gradient optimiz
its six NN’s with no symmetry assumption. The lowes
energy configuration is illustrated schematically in Fig.
The three Si atoms above and below the center of the d
cancy rearrange themselves in such a way that one of
three forms a rather ‘‘strong’’ bond with its two NN’s, whil
the other two atoms form one ‘‘weak’’ bond with each oth
and each makes a long bond ‘‘across’’ the divacancy. T
overlap population in each of these reconstructed bond
positive, indicating a bonding interaction.

There are three identical configurations, since the w
bond can form between any of the three possible pairs
atoms. The symmetry of the divacancy is therefore trigona
the barrier for the rearrangement between the three equ
lent configurations is small~a few hundredths of an eV ar
quoted for such a reorientation in Ref. 30!. This rearrange-
ment, which occurs around a fixed̂111& axis, is accom-
plished by moving the six atoms by very short distanc
More details about the divacancy and other vacancy clu
will be published separately.31

We calculated the divacancy-NG interaction by start
with a NG interstitial and a~reconstructed! divacancy in its
neighborhood. Successive cyclic and gradient geometry
timization show that the NG atom penetrates into the di
cancy with a substantial gain in energy and no activat
energy. The energy difference between a NG interstitial
from an isolated divacancy and the NG inside the divaca
~reoptimized! is shown in Fig. 4. A comparison to th
PRDDOM result in Fig. 1 shows that the NG atoms a
remarkably stable in a divacancy. They are still less sta
than NG atoms in free space, but only by a small amou
Thus one gains a lot of energy by forming a NG-divacan

FIG. 3. Schematic diagram illustrating the reconstruction o
neutral divacancy in its lowest-energy state. Two of the six NN
form two ‘‘strong’’ bonds and each of the other four NN’s form
one strong bond, one ‘‘weak’’ bond, and one ‘‘across’’ bond~see
the text and Table III!. There are three equivalent configuration
The dashed circles show the two missing host atoms.
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complex and a much smaller amount of energy by going
larger vacancy aggregates.

When a NG impurity is placed in the divacancy, it r
mains very close to its geometrical center and only wea
perturbs its reconstruction. Table III quantifies this reco
struction. It gives the average displacement of the six NN
upon insertion of the NG relative to their position in th
reconstructed divacancy, the displacement of the NG off
geometrical center of the complex, the degrees of bondin34

and overlap population in the strong, weak, and acr
bonds, the average Mulliken charge on each of the six NN
and the Mulliken charge on the NG.

The covalent character of the reconstructed bonds in
divacancy is reduced when a NG is inserted in the divacan
but there is no change in the overall configuration. The N
impurity displaces its six NN’s by a small amount, pushi
them away from it. The impurity itself remains almost o
center, shifting by 0.1 Å or less mostly in one of the$110%
planes common to the trigonal axis of the complex. T
small value of the off-axis shift suggests that a reorientat
between three equivalent configurations around the s
trigonal axis can occur.

The change in the charge distribution as a function of
NG shows that the reconstructed bonds capture increa
amounts of electron density from the NG. The average M
liken charge on each of the Si NN’s varies from20.12 to
20.16 and the charge on the NG from10.01 to10.29 as
one goes from He to Kr. As shown in Table I, the ionizati
enthalpies decrease from He to Kr, making it easier for
reconstructed bonds to grab some charge from the NG. T
trend should continue with Xe. If enough electron density
removed from it, Xe could well covalently overlap wit
some Si atoms in the divacancy resulting in a change
configuration. Large basis-setab initio calculations will be
needed to confirm this point.

The energy eigenvalues are more difficult to interpret
cause of the approximations involved in the HF method
ogy. In particular, the ‘‘conduction band’’ and the unocc
pied ‘‘gap’’ states are arbitrarily high in energy. We know

a

.

FIG. 4. Energy difference~eV! between the NG-divacancy com
plex and the isolated divacancy and interstitial NG. The curve w
obtained with the PRDDOM. The~estimated! covalent radius
~Table I! is labeledr c .
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TABLE III. Perturbation of the~reconstructed! divacancy by a NG impurity. The table gives the po
reconstruction average displacement of the NN’s to the NG, the displacement of the NG from the geom
center of the divacancy, the degrees of bonding and overlap populations for the strong, weak, and
bonds~see Fig. 3!, the average Mulliken charge on each NN, and the Mulliken charge on the NG.

Divacancy He Ne Ar Kr
displacement~Å!

each NN~avg.! 0.00 0.05 0.07 0.23 0.27
NG ~off center! – 0.07 0.09 0.11 0.06

degree of bonding/overlap population

strong bond 0.49/0.20 0.48/0.18 0.46/0.16 0.41/0.09 0.40/0.0
weak bond 0.07/0.04 0.07/0.04 0.06/0.03 0.07/0.01 0.03/0.0
across bond 0.18/0.02 0.19/0.01 0.20/0.01 0.16/0.00 0.14/0.0

Mulliken charge (ueu)

each NN~avg.! 20.11 20.12 20.13 20.14 20.16
NG – 10.01 10.08 10.22 10.29
th
di
e

u
e

c
ar
n
te
In
o
a
c
o
ar
h
to

.
el
ea
e
th
ne

n
s

a
va

th
ym
n
r
m

r-
are
oc-
ring
ffi-
all
ncy
ncy
-
nd
he
ated
m-

ol-
le
an-
a-
ly
cies
rm

l-
lso
n
G-
is-

at

e
res.
G

no method able to predict the position of deep levels in
gap with the accuracy needed to make quantitative pre
tions of a PL spectrum~in the present case, the shifts of th
NG-related PL lines are of the order of the meV!. In our
calculations, the use of a minimal basis set adds to the
certainties. We will therefore limit ourselves to qualitativ
statements about the energy eigenvalues.

The neutral divacancy and each of the NG-divacan
complexes have six levels in the gap, three of which
doubly occupied. They correspond to the bonding and a
bonding levels of the six electrons in the reconstruc
bonds. The positions of these levels shift with the NG.
each case, there are at most nine possible excitations inv
ing these levels. We calculated these excitations energies
their shift with the NG relative to the ones in the perfe
divacancy. All the shifts are toward lower energies. Some
them are almost independent of the NG, while others v
considerably. Some vary monotonically with the size of t
impurity. However, two of the shifts have a trend identical
that of the zero-phonon line discussed by Davieset al.19 in
their model based on internal strain generated by the NG

While we are well aware that one should be extrem
careful not to trust such numbers too much, the overall f
tures of the energy eigenvalues are compatible with the
istence of the PL spectrum and with shifts relative to
unperturbed center that are qualitatively similar to the o
observed.

VII. LARGER VACANCY AGGREGATES

In a separate study,31 we have calculated the formatio
energies and stable configurations of vacancy aggregate
to the heptavacancy. Note that experiment2,20,21indicates that
the NG-related defects contain at most three to four vac
cies. Our calculations therefore cover all the possible
cancy clusters.

Molecular-dynamics simulations31 show that in their
lowest-energy configurations, only the divacancy and
hexavacancy can have trigonal symmetry. The trigonal s
metry of the PL lines rules out the tri-, tetra-, penta-, a
heptavacancies. In its lowest-energy configuration, the
constructed hexavacancy is the most stable of all the s
e
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vacancy clusters, confirming empirical estimates.32,33 We
performed calculations31 with PRDDOM, large-basis-setab
initio HF, and local-density-functional-based molecula
dynamics simulations for the hexavacancy. The results
that the lowest-energy configuration of the hexavacancy
curs when the missing atoms come off of one hexagonal
in the crystal. This defect is able to reconstruct very e
ciently. A comparison of energy eigenvalues obtained at
three levels of theory shows obtained that the hexavaca
has no deep levels in the gap, in contrast to the other vaca
clusters ~mono- to heptavacancy!. Therefore the hexava
cancy should not give rise to sharp PL lines. However, ba
tailing ~from the conduction band into the upper part of t
gap! suggests that a broad PL spectrum could be associ
with it. Thus only the divacancy and the NG-divacancy co
plexes are compatible with the sharp, trigonal PL data.

The stability of the hexavacancy and the large empty v
ume available in it could, however, explain the irreversib
disappearance of the NG-related PL lines after 450 °C
nealings. The large gain in energy resulting from the form
tion of the NG-divacancy complex makes it highly unlike
that it dissociates. Instead, vacancies and/or divacan
could cluster around the NG-divacancy complex and fo
stable NG-hexavacancy centers.

VIII. SUMMARY AND DISCUSSION

We have performed approximateab initioHF calculations
in large molecular clusters for He, Ne, Ar, and Kr in crysta
line Si. In the case of the isolated interstitial, we have a
performedab initio HF calculations and included Xe, but i
a smaller cluster. The other defects we studied are the N
vacancy pair and the NG-divacancy complex. We also d
cussed larger vacancy-NG aggregates.

The lowest-energy site for interstitial NG impurities is
the relaxedT site. The activation energy forT-H-T diffusion
increases rapidly with the size of the NG. Only interstitial H
should diffuse any measurable distance at high temperatu
There is no electrical activity associated with interstitial N
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impurities, except that the lattice relaxations around
larger ones result in a narrowing of the gap.

NG impurities are strongly repelled by monovacanci
The electron density associated with the reconstructed bo
results in a Pauli repulsion between them and the filled sh
of the NG. The most stable configuration of a NG and
vacancy has the NG at an interstitial site far away from
vacancy.

The energy required to bring a monovacancy to the
mediate vicinity of an interstitial NG increases with the si
of the NG. The magnitude of the repulsion energy is ve
similar to the activation energy for diffusion of the isolate
interstitial. This coincidence suggests an unusual mechan
of enhanced diffusion of the NG impurities. If the implant
tion itself causes an above-equilibrium flux of vacancies
flow from the surface into the bulk, the vacancy-NG rep
sion is large enough to overcome the barrier for diffusio
The NG interstitials would simply be pushed into the bulk
the wave of vacancies coming from the surface.

All NG impurities are remarkably stable in a neutral d
vacancy. The large drop in energy resulting from the form
tion of a NG-divacancy complex suggests that the po
implantation annealing is needed to increase the diffusi
of divacancies, which then seek out and trap NG interstiti
The trapping itself involves no activation energy. This im
plies that the PL-related defects do not form during the
plant, but instead during the annealing that follows the i
plant. Note that the migration energy of the divacanc30

(; 1.3 eV) is consistent with the 300 °C annealing need
for the PL centers to appear.

The NG impurities perturb only slightly the reconstruct
divacancy. No change in the electronic configuration resu
but the reconstructed bonds are weakened. This result
dates the strain-based model proposed by Davieset al.6,19 to
explain the shifts of the main PL peak relative to the 101
meV line as one goes from He to Kr.

The absolute minimum of the potential-energy surface
the neutral divacancy and NG-divacancy complexes has
symmetry. This allows an optimum reconstruction to ta
place. However, there are in each case three equivalent
figurations around the same^111& axis, which average out to
trigonal symmetry. They differ by very small displacemen
~<0.1 Å! of a few atoms, allowing an exchange of th
strong, weak, and across bonds to occur~see Fig. 3!.
Molecular-dynamics simulations will be needed to actua
prove that the complex easily hops between the three l
symmetry configurations and averages out to trigonal s
metry. However, the complex is much too large to reori
easily from one trigonal axis to another.

The charge exchange between the NG and the re
structed bonds increases as one goes down the Per
Table. In particular, Kr in the divacancy has a Mullike
charge of about10.3, just short of its charge in KrF2 ~10.4!,
where it forms a covalent bond. The trends strongly sugg
that Xe in a divacancy would become even more ioniz
maybe enough to form covalent bonds with some or all of
six Si NN’s. This would result in a change in the electron
configuration and possibly a different symmetry for the co
plex.

The presence of deep levels in the gap is consistent
the existence of sharp zero-phonon lines. Further, the s
e
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relative to the divacancy of the differences between the
culated gap levels show trends that are qualitatively ident
to the ones reported experimentally.

Up to the heptavacancy, there are no other NG-vaca
complexes that combine the existence of levels deep in
gap and trigonal symmetry. We therefore conclude that
1018-meV defect-related line is due to the divacancy a
that the NG-related lines are NG-divacancy complexes.

Our calculations imply that the NG-related PL centers
not form during the implant but during the subsequent
neal. Further, their disappearance above 450 °C canno
caused by a breakup of the complex. As can be seen in
4, the stability of the complex relative to a divacancy and
isolated interstitial NG is much too high. However, the co
plex may capture more~di!vacancies up to the very stab
hexavacancy.

We did not include self-interstitials in our calculation
and therefore cannot rule out that they play a role. Howev
there is a strong repulsion between NG atoms and an elec
density such as the one associated with Si dangling orbi

Our results suggest further experiments on the NG lu
nescence to verify the proposed divacancy model.

~i! The rich phonon spectrum of the NG luminescence
associated with lattice modes and local modes. In particu
one mode at around 70 meV below the 1018-meV line
hibits an isotope splitting caused by the vibration of a
atom in the complex.19 It is not known if the NG defects
show the same Si isotope splitting~there is only one report9

of a Ne isotope splitting of one phonon line!. In its ground
state, the neutral divacancy has no symmetrically unique
atom. More details about this would be useful.

~ii ! The uniaxial stress measurements on the NG-rela
PL centers find very small stress couplings.35 A theoretical
evaluation of the force constants of the divacancy with a
without a NG impurity could explain why.

~iii ! The divacancy can be reoriented36 by uniaxial stress
from one trigonal axis to another at 200 °C. If this reorie
tation occurs via the breakup of the divacancy, our calcu
tions show that it would cost considerably more energy
achieve such a reorientation with a NG in the divacan
~maybe with the exception of He!.

~iv! Experiments could be designed to study how the p
etration depth of NG impurities is affected by the vacanc
and how it varies from He to Kr.

~v! Hydrogenation37 passivates the NG-related cente
This reaction is reversible by annealing around 350 °C.
theoretical study of the passivation/reactivation process~es!
is lacking.

~vi! The annealing of the NG-related PL spectrum
higher temperatures leads to the appearance of broad
features with spectral position independent of the NG.
correlation with the hexavacancy could be attempted.
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University of Zürich and the Swiss Center for Scientifi
Computing.
e
,
-

G.

.K.
er.

d-

and

rs

ys.
r,

Soc.

ys.

y,
*Permanent address: Physics Department, Texas Tech Unive
Lubbock, TX 79409.

1Comprehensive Inorganic Chemistry, edited by J.C. Bailar, H.J
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