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Noble-gas-related defects in Si and the origin of the 1018 meV photoluminescence line
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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 clusterahainitio
and approximateb initio Hartree-Fock levels. Our predictions are as follogsInterstitial noble-gas impu-
rities are not associated with the luminescence and their activation energies for diffusion aréi)akgshle-
gas atoms do not become substitutional, but are strongly repelled by vacancies instead. This suggests an
unusual vacancy-enhanced diffusion mechani@m.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
photoluminescenceiv) Larger vacancy aggregatésp to the hexavacangyannot 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 temperafuye3ur results imply that the 1018-meV line is due
to the neutral divacancyS0163-182807)00307-X]

I. INTRODUCTION type), with little or no d- or f-electron participation. No Xe
silicides have been reported.
Noble-gas(NG) elements have fillegp shells and are Because of their lack of chemical activity, light NG ele-

chemically almost inert. Comprehensive reviews of their hisiments are commonly employed in the processing of semi-
tory, properties, and chemistry can be found in Ref. 1. Someonductors. They provide inert atmospheres for the growth
of the key properties relevant to the present study are giveof the crystals or thermal anneals, and low-energy NG ions
in Table I. The high promotion energies from the groundare used in dry etching, ion-beam milliigsputtering, or
state to states with unpaired electrons and the high ionizatioforming thin amorphous films on crystalline surfaces. Im-
enthalpies result in little or no chemical activity, especially plantation followed by thermal annealing is carried out to
for the lighter elements. There are no stable compounds irereate “bubbles” (blistering’), which are efficient gettering
volving He, Ne, or Ar, although the cations jfeand centers: The consequences of NG-ion implantation include
HeH" have been detected by mass spectromeyypton  the formation of dislocation loops and microtwifdas well
forms a few compounds with F, such as KrF as the appearance of NG-related photoluminescdRtg
Xenon reacts with elements or radicals that have a largeenters.
electron affinity. Xenon oxides, fluorides, oxofluorides, and a Van Wieringen and Warmolfaneasured the diffusion co-
few other species are known. The oxidation humbers followefficient of He in Si in the range 967 °C-1207 °C. They
the usual “group number+2’ rule: 8 in XeO,, 6 in XeF;  obtainedD,,=0.11 exg—1.27 eV/KT} cn¥/s and reported
and XeQ;, 4 in XeF,, and 2 in Xek. Other compounds not being able to diffuse Ne through their samples.
exist as well, such as OXgF RbXeF;, or XeCl,. In all Kaplan et al® performed a theoretical investigation of a
cases, the bonds involve almost exclusively hybrids (o NG element in Si. They used extendeddHal theory(EHT)

TABLE |. Selected properties of NG elements. The atomic radius is extracted from the properties of the
solid and the covalent radius is obtained by extrapolating Pauling’s values or from the electronegativity
equalization principléRef. 1). Both radii are in angstroms. THeoom-temperatuneionization 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 & 2s%2p8 3s?3p® 45%4p8 5s?5p®
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 14.0 121
ns?npf—ns?np®(n+1)st 16.6 11.5 9.9 8.3
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to calculate a potential-energy surface of interstitial He in arCPU time (if feasible at all at the ab initio level. The
unsaturated cluster of 30 Si atoms. The authors found thanethod provides geometries, energetics, and many details of
the tetrahedral interstitial ) site is stable and that the the electronic structures. However, it suffers from the draw-
saddle point for interstitial diffusion is the hexagonal inter- backs associated with all minimal basis-set techniques. In
stitial (H) site. The energy difference between the two sitegParticular, the energy differences are larger tharethénitio

was 1.80 eV with lattice relaxation (2.30 eV withgut ©Ones and the electronic structures are approximate. In the
leading to the calculated diffusivity Dy,=1.20 Case of interstitial NG impurities, for which small clusters

%1073 exp{—1.80 eV/KT cn?/s. No level in the gap asso- can be u_sed, we performeab _initio HF calculations with
ciated with interstitial He was found. large basis sets. The comparisons show that the PRDDOM
In the early 1980s, it was noticgt that NG-related de- and a_b initio re_sults ha\_/e identical qualitativ_e features. .
fects inc-Si give rise to sharp deep-levéero-phonon PL This paper is organ_|zed as follows. Section Il con_tams a
peaks. These peaks shift with the NG and are closely relategtMmMary of the expenmental ki
to the common but so far unidentified 1018-meV line, a|somethod.ology. .Sect|o.r}s v, V’. and .V.I present the caIcuIa_lted
called thel ; or W line (see below: properties of interstitial NG impurities, NG-vacancy pairs,
Two theoretical studies of NG impurities in Si have beenand NG-divacancy cor_nplexes, respectively. Section VII dis-
published shortly following the PL work. They were also cusses the larger multivacancy complexes. The summary and

EHT calculations in unsaturated Si clusters containing 4£°nclusions are in Sec. VIil.

host atoms. Interstitial NG impurities were again fotfni

be stable at th& sjte with a sadd[e poir?t. at t_Hd site, with Il. SUMMARY OF THE EXPERIMENTAL INFORMATION

no energy levels in the gap. NG impurities in vacancies and

divacancie¥ were also considered, but with no geometry NG ions are implanted with typical energies of the order
optimization. In a divacancy, He, Ne, and Ar were assume®f several keV's. A 300 °C annealing following the implan-
to remain on center, while Kr and Xe were moved along theation result$® in the formation of a family of deep-level
(111) direction by 0.36 and 0.58 A, respectively. defects that give rise to PL spectra. The rich PL spectra

While pioneering, these calculations are heavily approxionsist of a zero-phonon line and its phonon replicas. The
mated. In situations for which it is well parametrized, EHT zero-phonon lines are closely related to the 1018-meV line
gives results that are at best qualitative. In the case of NG@nd grow at its expense. They are at 1Q#H2), 1014(Ne),
there are simply not enough experimental data to use in 4009 (Ar), 1004 (Kr), and 1001(Xe) meV.
parametrization and check its validity. Then, EHT uses a The 1018-meV line appears after an annealing
product wave function and the method cannot be made self—~250 °C-300 °Q of Si samples exposed to neutron irradia-
consistent. Further, the presence of unsaturated Si dangliripn, ion implantation, thermal laser anneals, or a number of
bonds on the surface of the cluster results in additional unother damage-inducing treatments. It is independent of the
certainties. The calculated properties of impurities and deimpurity content of the crystal or of the species being im-
fects in Si are strongly dependent on the size of the clustgplanted and therefore must be caused by an intrinsic defect.
unlessits surface is properly saturaté¥iFinally, lattice re-  The line hasCz, symmetry® and has been tentatively asso-
laxations and distortions play a major, if not dominant, role.ciated with the electron paramagnetic resonah8ecentet’

It is crucial to optimize the geometry of the crystal in the (believed to be a trigonal tetravacan@s well as with the
vicinity of the defect or impurity. Examples are discussed intrigonal di-intersticialcy*®
Ref. 14. The NG-related PL lines have the following featufég?

Our calculations involve He, Ne, Ar, Kr, and Xghe (i) Piezospectroscopic studies show that they correspond
latter only as an interstitinin the (relaxed defect-free crys- to defects with trigonal €3,) symmetry in all cases except
tal, near(just outsid¢ and inside a monovacancy, as well asfor Xe, which is associated with a tetragonél,() defect.
near (just outsidé and inside a divacancy. Self-interstitials (i) The thermal stability of the complex is relatively low:
are not considered in the present work because they atgpically 450°C, but only 300°C for He. After this anneal-
likely to repel NG atoms rather than covalently bind to them.ing, the PL bands disappear and a new, broad, PL band ap-
Our goal is to determine if there exists a simple defect withpears. The latter is independent of the NG.
features consistent with the observed properties of the NG- (iii) The occurrence of TA phonon modes in the spectrum
related PL centers. shows a coupling of these modes to the NG lines. This led to

Most of our calculations require the use of rather largethe suggestichthat NG-Si covalent bonds are formed. How-
clusters. Extensive geometry optimizations with no symmeever, an empirical modet® based only on the size of NG
try assumptions and many degrees of freedom must be peatoms provides a simpler explanation that involves the strain
formed. Therefore, while we intend to be as quantitative agesulting from the presence of a NG atom and no covalent
possible, our main emphasis here is to obtain the generahteraction. It is indeed unlikely that He, Ne, Ar, or Kr would
features of the various defect centers. For our purpose, wieind covalently with anything, bua priori possible that Xe
used thgmodified approximateab initio Hartree-FockHF)  could have a positive overlap with several Si dangling bonds,
method of partial retention of diatomic differential overfap although we found no Xe silicide in the literature.
(PRDDOM). (iv) Sharp zero-phonon transitions and low-energy satel-

The PRDDOM results are comparablertonimal basis-  lites due to quasi-local modes are observed. The rich vibra-
set ab initioHF ones, but the calculations are much fastertional spectrum suggests a complex defect. Some modes shift
This allowed us to perform a large number of geometry opwith the NG isotope, while others do not. In particular, the
timizations that would have required prohibitive amount ofshift of the main PL line relative to the 1018-meV line is
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always toward lower energies, and the smallest shift occurs TABLE Il. Activation energies(eV) for diffusion of NG inter-
for Ne. stitials along ar-H-T path calculated in the small and large clusters
(v) The splitting of the NG-related PL lines under uniaxial with breathing mode lattice relaxations at both sites. Hhsite is
stress is highly nonlinear and changes with the NG. Varyingble to relax more in the small cluster than in the large @his
the stress at constant temperature shows that the intensijfects the larger NG atomsTherefore, theb initio HF activation
ratios vary much less than would be expected from the re€nergies of Ar, Kr, and Xe are lower limits, while tilarge cluster
orientation of four equivalent centers with;, symmetry PRDDOM ones are upper limits to the actual activation energies.
This suggests that no such reorientation occurs at temperd® experimental number for He comes from a high-temperature
tures below 40 K permeation experimeriRef. 7).
(vi) The energy threshold required to create the NG-
. . Method H N A K X
related PL centers has been determfrf82and is consis- o0 © © ' ' ©

tent with a defect containing at most three to four vacanciesPRDDOM (large) 211 3.06 650 847
Experimentally, it is unclear whether the defect responPRDDOM (small) 233 271 449 542

sible for the PL forms during the implantation and becomesap initio (smal) 1.38 203 351 3.88 3.93

PL active after the anneal or is created during the anneal. experiment 1.27

An additional feature is worth noticing. According to
standard implantation theory, the implanted NG ions should
penetrate into the material to a depth of a few dozen ang-
stroms. Instead, they are observed to penétfate consid-
erable depths<1 xm). The enhanced diffusion of NG at-

oms occurs onlyduring the initial exposure, not the ecules at theab initio HF level and that of Krf at the

subsequent annealing. It is not the result of channeling bez
cause the treatment results in the formation of an amorphoﬁ%RDDOM level as well. In all cases, the correct geometry

layer on the surface of the crystal. Since vacancies are highland(at least qualitativelyelectronic structure were obtained.

mobile?* and are believed to be present in above—equilibrium% the case of K, for example, we get a linear molecule

concentrations during the etéh?® vacancy-enhanced diffu- with Kr—F=1.86 A (ab initio) and 1.94 A(PRDDOM. In

A P ef. 1 the molecule is linear with KrF=1.87 A. Theab
\s/|on Is suspected. We propose an unusual mechanism in S%l’tio bond order is 0.60 with overlap populatiar0.05 and

the PRDDOM degree of bonding is 0.35 with overlap popu-
lation +0.05 as well. The Mulliken charges are in both cases
. METHODOLOGY +0.4 on Kr and—0.2 on each F. These numbers are consis-
tent with the description of the molecule in Ref. 1. Note that

The host crystal is approximated by hydrogen-saturateg the HW pseudopotentials are used for the NG atom, much
clusters* containing 14 host atoms for thab initio calcula-  |onger and weaker bonds result.

tions and 44 host aton{sne or two fewer with a vacancy or
divacancy for the PRDDOM ones. The 44-host-atom cluster
contains 5 complete host-atom shells around a bond-centered
site, and none of the first or the second nearest-neighbors
(NN’s) are bound to a surface saturator. Calculations at all levels of theory predict that NG inter-

As mentioned above, the PRDDOM is fully self- stitials are at thé site. This is not surprising since there is
consistent, contains no adjustable parameters, and provides degeneracy, and the NG atoms are essentially hard balls
highly reliable geometries. The population analysis provideghat do not interact chemically with their environment and
a wealth of chemical details, such as overlaps, degrees dherefore tend to be at the roomiest interstitial site available.
bonding, or Mulliken charges. However, the energetics and his result agrees with the predictions of other authors.
electronic structures are approximate. The method can There is very little perturbation to the energy eigenvalues
handle at a uniform level of theory the elements in the firstrelative to the perfect cluster in the case of He and Ne, which
four rows of the Periodic Table. It uses a minimal basis set ofire small and only minimally perturb the host crysaiss
Slater orbitals, to which we added a set af @rbitals for all  than 1% lattice relaxation The presence of Ar, Kr, and Xe
the NN’s to the vacancy or divacancy. PRDDOM is muchresults in increasingly large lattice relaxations aroundThe
faster tharab initio HF, and the use of frozen-core potentials site. At both levels of theory considered, the energy levels
speeds up the calculations sufficiently to allow gradient op-are dragged down from the conduction band and up from the
timizations to be done routinely in large systems. valence band into the gap, which narrows as a result. The

In the case of interstitial NG impurities, for which a good absence of deep levels afig symmetry imply that isolated
small cluster is availableb initio HF calculations were per- interstitial NG are not the defect responsible for the PL.
formed in addition to the large-cluster PRDDOM ones. As The saddle point for the diffusion is at tl site. Again,
shown in Sec. IV, both methods predict the same behaviothere is very little lattice relaxation around He and Ne and
with larger energy differences for PRDDOM. larger relaxations around Ar, Kr, and Xe. Thb initio and

The ab initio HF calculations were performed with Hay- PRDDOM activation energies for diffusion are given in
Wadt (HW) core potentia§ and a polarized split-valence Table Il. Note that theb initio value for He is close to the
(SV*) basis set for the Si atoms. The NG atoms were treatedxperimental number.
at the all-electron level, also with a $\basis set, and the Figure 1 shows the amount of energy needed to insert a
H saturators had a split-valence basis set. free NG atom into & site in the cluster and allow it to relax.

We tested this approach with KgFXeF,, and XeGQ;, for
which configurations are knowrfrom experiment or near-
exact theory. We optimized the geometries of the three mol-

IV. INTERSTITIAL NOBLE-GAS IMPURITIES
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é//o FIG. 2. The solid line shows the energy differerie¥) between
0 - the NG-vacancy pair and the isolated vacancy and interstitial NG.
% \X The dashed curve is the activation energy for diffusion of the iso-
=~ | TS lated NG interstitial calculated at the same level of theory
§ | I [ | 1 (PRDDOM, Table ). The difference between the two curves is
U<-]IL He Ne Ar Kr Xe small and roughly independent of the NG, showing that for them,

-10 : : : ' the size does not matter. Tkestimated covalent radiugTable | is

0.5 10 15 labeledr . .
e A)

Examples include the vacancy-self-interstitial annihilation
. . . and the trapping of one to four H interstitials by a
FIG. 1. Calculated cost in energy for inserting a free NG atom, 5 cancy2e
into the Si cluster at drelaxed T site. The PRDDOM energies The case of NG’s is radically different because the pro-
(crossepincrease faster with the NG atom than @i initio ones motion energy from the ground to the lowest-energy open-
(circles, but the two curves are qualitatively the same. The bottomshe” configuration is very largésee Table | for the free-
curve shows the relaxation energy at fRiesite calculated at the atom values As a result, a NG atom in a monovacancy not
PRDDOM level. The(estimated covalent radiugTable ) is la- only disrupts the rebonding, but is also strongépelledby
beledre. the electron density in the reconstructed bonds. This is a
Pauli repulsion because the NG orbitals are completely full

As expected, the energies increase rapidly with the size oind any electron overlapping with the NG can only populate
the NG. The high activation energies imply that only tded  empty orbitals that are very high in energy. Attempts to op-
maybe Neg diffuses alongT-H-T paths below the melting timize a configuration with a NG impurity inside a vacancy
point of the Crystal. Therefore, the isolated interstitial cannofesylts in slow convergence and energies Substantia”y h|gher
be the rapidly diffusing species observed during the implantthan when the NG impurity remairmutsidethe vacancy.

Note that PRDDOM predicts larger energy differences The most favorable configuration for the NG-vacancy pair
than large basis-setb initio HF. This is mostly caused by has the NG outside the vacancy, off thesite. However, the
the use of a minimal basis set and is not restricted to NGelectron density in the reconstructed bonds is sufficiently de-
interstitials in Si. Studie involving a wide range a defects |ocalized to render this configuration high in energy as well.
and impurities in semiconductors using The atoms try to position themselves in a way timatimizes
PRDDOM andab initio HF show that the geometries and any electronic overlap with the NG. Even in the best possible
trends are nearly identical with both methods, but the energyonfiguration, the NG-vacancy pair is much higher in energy
differences obtained at the PRDDOM level are typically 30—than the isolated interstitial NG atom far away fron{ra-
50 % larger than thab initio ones. In the case of Fig. 1, the constructefivacancy. This repulsion energy is shown in Fig.
energy for Kr is very large with thab initio HF method, and 2 |t increases as one goes down the Periodic Table.
the PRDDOM value is Iarger still. However, the trends are Figure 2 also shows the activation energy for diffusion of

clearly the same. the isolated interstitial NG, calculated at the same level of
theory. The vacancy-NG repulsion is slightly less than this
V. NOBLE-GAS —VACANCY INTERACTIONS activation energy for He and Ne and slightly more for Ar and

Kr. However, the difference between the two curves is not

The vacancy in silicon is a rapid diffuser in the2, 0, only small but also approximately independent of the NG.
and +2 charge state¥. We consider here only the neutral Thus, if a vacancy with sufficiently high kinetic energy gets
charge state. The four dangling bonds reconstruct to fornclose to any NG interstitial, it will repel just strongly enough
two stretched bonds between pairs of Si atoms, with no overto make the NG jump to a neighboririgsite.
lap between the atoms belonging to different pairs. Although This result suggests a vacancy-enhanced diffusion mecha-
their overlap has substantial covalent character, the recomism that would work similarly for He, Ne, Ar, and Kr. If the
structed bonds are wedkee Ref. 24 for a review of the flux of vacancies coming from the surface during the implan-
experimental work and Ref. 28 for the most recent theoretitation is sufficiently energetic, the vacancies would push the
cal study. The usual interaction between a vacancy and amNG interstitials deeper into the bulk. The activation energy
interstitial impurity consists in the impurity becoming substi- for interstitial diffusion minus the repulsion energy from va-
tutional in order to maximize its overlap with the crystal. cancies gives a net activation energy that is small and
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FIG. 3. Schematic diagram illustrating the reconstruction of a g
neutral divacancy in its lowest-energy state. Two of the six NN's & 20 - -
form two “strong” bonds and each of the other four NN’s forms b
one strong bond, one “weak” bond, and one “across” bdisde w | i
the text and Table I)I There are three equivalent configurations. | | Lo
The dashed circles show the two missing host atoms. %0 He Ne Ar Kr
o 0.5 1.0
roughly the same for all the NG, regardless of their size. r (,3\)
c

Note that one cannot perform Xe calculations at the
PRDDO/M level. Therefore, we cannot predict its behavior
near a vacancy. It ia priori possible that the electron affin-
ity of the reconstructed bonds in the vacancy is high enoug
to ionize Xe and result in the formation of covalent bonds.
However, we think that this is unlikely because Xe is too
large an atom to fi_t in a vacancy. The net volume available i%omplex and a much smaller amount of energy by going to
the same as athsite and the energy needed to put a free Xelarger vacancy aggregates.
atom there is very largesee Fig. 1 When a NG impurity is placed in the divacancy, it re-
mains very close to its geometrical center and only weakly
perturbs its reconstruction. Table Il quantifies this recon-
struction. It gives the average displacement of the six NN's

The minimum of the potential-energy surface for a neutralupon insertion of the NG relative to their position in the
divacancy in Si has been calculated by gradient optimizingeconstructed divacancy, the displacement of the NG off the
its six NN's with no symmetry assumption. The lowest- geometrical center of the complex, the degrees of boritling
energy configuration is illustrated schematically in Fig. 3.and overlap population in the strong, weak, and across
The three Si atoms above and below the center of the divabonds, the average Mulliken charge on each of the six NN's,
cancy rearrange themselves in such a way that one of thend the Mulliken charge on the NG.
three forms a rather “strong” bond with its two NN's, while The covalent character of the reconstructed bonds in the
the other two atoms form one “weak’” bond with each other divacancy is reduced when a NG is inserted in the divacancy,
and each makes a long bond “across” the divacancy. Théut there is no change in the overall configuration. The NG
overlap population in each of these reconstructed bonds isnpurity displaces its six NN’s by a small amount, pushing
positive, indicating a bonding interaction. them away from it. The impurity itself remains almost on

There are three identical configurations, since the weakenter, shifting by 0.1 A or less mostly in one of tis10
bond can form between any of the three possible pairs oplanes common to the trigonal axis of the complex. The
atoms. The symmetry of the divacancy is therefore trigonal ismall value of the off-axis shift suggests that a reorientation
the barrier for the rearrangement between the three equivéetween three equivalent configurations around the same
lent configurations is smalla few hundredths of an eV are trigonal axis can occur.
quoted for such a reorientation in Ref.)3@his rearrange- The change in the charge distribution as a function of the
ment, which occurs around a fixgd11) axis, is accom- NG shows that the reconstructed bonds capture increasing
plished by moving the six atoms by very short distancesamounts of electron density from the NG. The average Mul-
More details about the divacancy and other vacancy clustdiken charge on each of the Si NN's varies from0.12 to
will be published separatef}. —0.16 and the charge on the NG fro#0.01 to +0.29 as

We calculated the divacancy-NG interaction by startingone goes from He to Kr. As shown in Table I, the ionization
with a NG interstitial and dreconstructeddivacancy in its  enthalpies decrease from He to Kr, making it easier for the
neighborhood. Successive cyclic and gradient geometry ogreconstructed bonds to grab some charge from the NG. This
timization show that the NG atom penetrates into the divatrend should continue with Xe. If enough electron density is
cancy with a substantial gain in energy and no activatioremoved from it, Xe could well covalently overlap with
energy. The energy difference between a NG interstitial fasome Si atoms in the divacancy resulting in a change of
from an isolated divacancy and the NG inside the divacancgonfiguration. Large basis-sab initio calculations will be
(reoptimized is shown in Fig. 4. A comparison to the needed to confirm this point.

PRDDOM result in Fig. 1 shows that the NG atoms are The energy eigenvalues are more difficult to interpret be-
remarkably stable in a divacancy. They are still less stableause of the approximations involved in the HF methodol-
than NG atoms in free space, but only by a small amountogy. In particular, the “conduction band” and the unoccu-
Thus one gains a lot of energy by forming a NG-divacancypied “gap” states are arbitrarily high in energy. We know of

FIG. 4. Energy differencéV) between the NG-divacancy com-
Hlex and the isolated divacancy and interstitial NG. The curve was
obtained with the PRDDOM. Thdestimatedl covalent radius
(Table ) is labeledr,.

VI. NOBLE-GAS —DIVACANCY COMPLEXES
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TABLE IIl. Perturbation of the(reconstructeddivacancy by a NG impurity. The table gives the post-
reconstruction average displacement of the NN's to the NG, the displacement of the NG from the geometrical
center of the divacancy, the degrees of bonding and overlap populations for the strong, weak, and across
bonds(see Fig. 3 the average Mulliken charge on each NN, and the Mulliken charge on the NG.

Divacancy He Ne Ar Kr
displacementA)

each NN(avg) 0.00 0.05 0.07 0.23 0.27
NG (off cente) - 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 0.40/0.08
weak bond 0.07/0.04 0.07/0.04 0.06/0.03 0.07/0.01 0.03/0.01
across bond 0.18/0.02 0.19/0.01 0.20/0.01 0.16/0.00 0.14/0.00
Mulliken charge {e|)
each NN(avg) -0.11 -0.12 -0.13 -0.14 —0.16
NG - +0.01 +0.08 +0.22 +0.29

no method able to predict the position of deep levels in thevacancy clusters, confirming empirical estimate® We
gap with the accuracy needed to make quantitative predigperformed calculatiori$ with PRDDOM, large-basis-setb
tions of a PL spectruniin the present case, the shifts of the initio HF, and local-density-functional-based molecular-
NG-related PL lines are of the order of the meVh our  dynamics simulations for the hexavacancy. The results are
calculations, the use of a minimal basis set adds to the Unihat the |owest-energy Conﬁguration of the hexavacancy oc-
certainties. We will therefore limit ourselves to qualitative curs when the missing atoms come off of one hexagona| ring
statements about the energy eigenvalues. _ in the crystal. This defect is able to reconstruct very effi-
The neutral divacancy and each of the NG-divacancyiently. A comparison of energy eigenvalues obtained at all
complexes have six levels in the gap, three of which argy eq’jevels of theory shows obtained that the hexavacancy
doub!y occupied. They cc_)rrespond to t.he bonding and anti as no deep levels in the gap, in contrast to the other vacancy
bonding levels of the six electrons in the reconstructed, ... (mono- to heptavacangy Therefore the hexava-
bonds. The positions of these. levels S.h'ft W'th the N.G' Incancy should not give rise to sharp PL lines. However, band
each case, there are at most nine possible excitations mvolx-.Iin (from the conduction band into the upper part of the
ing these levels. We calculated these excitations energies ag%Iap) guggests that a broad PL spectrum COEEZI bep associated

their shift with the NG relative to the ones in the perfect hit Th v the di d the NG-di
divacancy. All the shifts are toward lower energies. Some ofV!th It. Thus only the divacancy and the NG-divacancy com-

them are almost independent of the NG, while others vanP/€Xes are compatible with the sharp, trigonal PL data.
considerably. Some vary monotonically with the size of the 1he stability of the hexavacancy and the large empty vol-

impurity. However, two of the shifts have a trend identical to Ume available in it could, however, explain the irreversible

that of the zero-phonon line discussed by Dawvesl® in disappearance of the NG-related PL lines after 450 °C an-

their model based on internal strain generated by the NG. nealings. The large gain in energy resulting from the forma-
While we are well aware that one should be extremelytion of the NG-divacancy complex makes it highly unlikely

careful not to trust such numbers too much, the overall feathat it dissociates. Instead, vacancies and/or divacancies

tures of the energy eigenvalues are compatible with the exsould cluster around the NG-divacancy complex and form

istence of the PL spectrum and with shifts relative to thestable NG-hexavacancy centers.

unperturbed center that are qualitatively similar to the ones

observed.

VIll. SUMMARY AND DISCUSSION
VIl. LARGER VACANCY AGGREGATES

In a separate stud,we have calculated the formation . We have performed approximadé initio HF calculations

energies and stable configurations of vacancy aggregates ublarg'e molecular clusters TOF He, Ne, Ar,.a.md Krin crystal-
to the heptavacancy. Note that experiméhtlindicates that line Si. In the case of the isolated interstitial, we have also

the NG-related defects contain at most three to four vacarRerformedab initio HF calculations and included Xe, but in
cies. Our calculations therefore cover all the possible va@ smaller cluster. The other defects we studied are the NG-

cancy clusters. vacancy pair and the NG-divacancy complex. We also dis-
Molecular-dynamics simulatiofs show that in their cussed larger vacancy-NG aggregates.

lowest-energy configurations, only the divacancy and the The lowest-energy site for interstitial NG impurities is at

hexavacancy can have trigonal symmetry. The trigonal symthe relaxedr site. The activation energy far-H-T diffusion

metry of the PL lines rules out the tri-, tetra-, penta-, andincreases rapidly with the size of the NG. Only interstitial He

heptavacancies. In its lowest-energy configuration, the reshould diffuse any measurable distance at high temperatures.

constructed hexavacancy is the most stable of all the smallhere is no electrical activity associated with interstitial NG
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impurities, except that the lattice relaxations around theelative to the divacancy of the differences between the cal-
larger ones result in a narrowing of the gap. culated gap levels show trends that are qualitatively identical

NG impurities are strongly repelled by monovacanciesto the ones reported experimentally.

The electron density associated with the reconstructed bonds Up to the heptavacancy, there are no other NG-vacancy
results in a Pauli repulsion between them and the filled shellsomplexes that combine the existence of levels deep in the
of the NG. The most stable configuration of a NG and agap and trigonal symmetry. We therefore conclude that the
vacancy has the NG at an interstitial site far away from thel018-meV defect-related line is due to the divacancy and
vacancy. that the NG-related lines are NG-divacancy complexes.

The energy required to bring a monovacancy to the im- Our calculations imply that the NG-related PL centers do
mediate vicinity of an interstitial NG increases with the sizenot form during the implant but during the subsequent an-
of the NG. The magnitude of the repulsion energy is veryneal. Further, their disappearance above 450 °C cannot be
similar to the activation energy for diffusion of the isolated caused by a breakup of the complex. As can be seen in Fig.
interstitial. This coincidence suggests an unusual mechanism the stability of the complex relative to a divacancy and an
of enhanced diffusion of the NG impurities. If the implanta- jsolated interstitial NG is much too high. However, the com-

tion itself causes an above-equilibrium flux of vacancies toplex may capture morédi)vacancies up to the very stable
flow from the surface into the bulk, the vacancy-NG repul-pexavacancy.

sion is large enough to overcome the barrier for diffusion. e did not include self-interstitials in our calculations
The NG interstitials would simply be pushed into the bulk by 5 therefore cannot rule out that they play a role. However,

the wave of vacancies coming from the surface. there is a strong repulsion between NG atoms and an electron

Vaé{;gle%?g?;;t'is de:(r)e Eﬁrgﬁgkram}r/essﬁglne '?roamnﬁlgrgrgq';_density such as the one associated with Si dangling orbitals.
Y. g b ay g Our results suggest further experiments on the NG lumi-

tion of a NG-divacancy complex suggests that the post- escence to verify the proposed divacancy model.

implantation annealing is needed to increase the diffusivityn . ) X .
of divacancies, which then seek out and trap NG interstitials. M The ”Ch phon_on spectrum of the NG Iummescenpe IS
The trapping itself involves no activation energy. This im- associated with lattice modes and local modes. In particular,

plies that the PL-related defects do not form during the im-2N€ mode at around 70 meV below the 1018-meV line ex-
plant, but instead during the annealing that follows the im-NiPits an isotope Sp'gﬂng caused by the vibration of a Si
plant. Note that the migration energy of the divacaficy atom in the compl_e)]c It is nqt _known _|f the NG defects
(~ 1.3 eV) is consistent with the 300 °C annealing neededhow the same Si isotope splittirithere is only one repdt
for the PL centers to appear. of a Ne isotope splitting of one phonon lindn its ground

The NG impurities perturb only slightly the reconstructed state, the neutral divacancy has no symmetrically unique Si
divacancy. No change in the electronic configuration resultsatom. More details about this would be useful.
but the reconstructed bonds are weakened. This result vali- (i) The uniaxial stress measurements on the NG-related
dates the strain-based model proposed by Dastied®'°to  PL centers find very small stress couplifigsA theoretical
explain the shifts of the main PL peak relative to the 1018-evaluation of the force constants of the divacancy with and
meV line as one goes from He to Kr. without a NG impurity could explain why.

The absolute minimum of the potential-energy surface for  (iii) The divacancy can be reorienf@dy uniaxial stress
the neutral divacancy and NG-divacancy complexes has lotom one trigonal axis to another at 200 °C. If this reorien-
symmetry. This allows an optimum reconstruction to taketation occurs via the breakup of the divacancy, our calcula-
place. However, there are in each case three equivalent Cofipns show that it would cost considerably more energy to

figurations around the sanf@11) axis, which average outto achieve such a reorientation with a NG in the divacancy
trigonal symmetry. They differ by very small d|splacemen'[s(m‘,jlybe with the exception of Hle

(<0.1 A) of a few atoms, allowing an exchange of the

strong, weak, ar_1d a_cross_bond; to octsee Fig. 3 etration depth of NG impurities is affected by the vacancies
Molecular-dynamics simulations will be needed to actuallyand how it varies from He to Kr

prove that the complex easily hops between the three low- (v) Hydrogenatiod’ passivates the NG-related centers.

symmetry configurations and averages out to trigonal sym-_, . 9" ) _ .
metry. However, the complex is much too large to reorientTh|s reaction is reversible by annealing around 350 °C. A

easily from one trigonal axis to another theoretical study of the passivation/reactivation pro@sss
The charge exchange between the NG and the recor '1acking. _

structed bonds increases as one goes down the Periodic (Vi) The annealing of the NG-related PL spectrum at

Table. In particular, Kr in the divacancy has a Mulliken Nigher temperatures leads to the appearance of broad, PL

charge of about-0.3, just short of its charge in Kgf+0.4), features_, With_ spectral position independent of the NG. A
where it forms a covalent bond. The trends strongly suggeerrelation with the hexavacancy could be attempted.

that Xe in a divacancy would become even more ionized,

maybe enough to form covalent bonds with some or all of its

(iv) Experiments could be designed to study how the pen-

six Si NN’s. This would result in a change in the electronic ACKNOWLEDGMENTS
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