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The population change of the photoluminesceti®le W center(or |, centej with 2-MeV electron irradia-
tion in proton-implanted silicon crystal was observed to investigate the origin of the center. While a straight-
forward annihilation of theN centers formed by proton implantation with an increase of the electron fluence
was observed in the low fluence region, the number of centers increased in the high fluence ¥e®jion (
X 10" electron/crA) due to the predominance of formation over annihilation. The annihilation and formation
of the W centers were analyzed as first and second order with respect to the numbers of vacancies and
self-interstitials, respectively. The efficiency of tiécenter formation from element pairs produced by elec-
tron irradiation was much smaller than that for ion implantation. Considering the findings obtained in the
present study and those given by other studies{1fi& split monointerstitial and thé¢111) ST di-interstitial
(ST: split triple were chosen as the probable candidates foViheenter.

DOI: 10.1103/PhysRevB.66.155204 PACS nuniber61.72.Ji, 61.80.Fe, 78.55.Ap

I. INTRODUCTION was determined to bé&111) trigonall?1"8 possible self-
interstitial models of the center satisfying tfEl1) trigonal
Nowadays, ion implantation is indispensable for manufacsymmetry are &111)-split monointerstitial;*?"a (112)-split

turing silicon electronic devices. Self-interstitials (S) and  di-interstitial® and tri-interstitial clusters>*'* However,
vacancies Y's) are intrinsic element pairs plentifully since there are few probes to analyze \tieenter due to the
formed in the implanted crystal, which aggregate to forminactivity of the center in electric and magnetic measure-
pointlike defects at low temperatures and extended defects atents, a determination of the makeup of the center has been
elevated temperatures, bond to impurities to form variougjuite difficult. In a previous study, the dependence of the
complexes, and stimulate complex formation betweerformation of theW center on the implantation fluence of
impurities’™® The structures and behaviors of vacancy-protons was observed, and the second-order relationship be-
related pointlike defects or small clusters such\gsand tween theW-center intensity for the advanced annealing
V,0, (mandn are integersare relatively well characterized stage and the implantation fluence was analyzed by employ-
by optical, electricc and magnetic resonanceing the law of mass actiot?,i.e., theW-center formation was
measurements*® For interstitial-related clusters, while the second order with respect to the number of the element pairs
structural properties of extended defects such as{3i4}  produced by the implantation. From this observation and the
defects are well analyzédeven the existence of small clus- symmetry of thew center, the(111) monointerstitial model
ters is inferred from indirect evidence such as transient enwas chosen to be the most probable. While the observation
hanced diffusionTED) of dopants’ although a number of offers considerable support to construct Wecenter model,
theoretical models have been propofett.A defect called more experiments are needed to promote a sound model of
the W or |, center**? whose no-phonon photoluminescencethe W center. On the other hand, the element pairs produced
(PL) peak is located at 1.018 eV, is commonly observed fronby an appropriate method are thought to be useful probes to
Si crystals implanted with various ich¥3and it has been characterize the center, i.e., the observation of population
believed to be a self-interstitial small cluster due to its lackchange of the pre-existing centers, occurring through pos-
of impurities and its less compressive nattfté’ The possi-  sible interactions between the centers and element pairs,
bility of assigning thew center as a vacancy-related defectwould provide useful information about the formation and
such asV, has been ruled out from the thermal behaviors ofannihilation kinetics of the center.
the centet* and the lack of oxygen participation in the for- It is well known that the irradiation of high-energy elec-
mation of the centé? except for carbon implantatidfi.De-  trons (>400 ke\) for Si crystal produces uniform element
termination of the structure of th&/ center, accordingly, pairs which lead to various complexes such &
provides a key guide for the theoretical investigation of(Cs-Si-Cg, Sstands for substitutional andfor interstitial)
stable configurations of the self-interstitial small clusters exand C (G-0O,) centers: Since the production efficiencies of
isting at relatively low temperatureg<500 °Q. From the the element pairs by electrons are very srfeiout 2/cm for
uniaxial stress measurement, the symmetry ofWheenter  a 2-MeV electron ' it is preferable to employ electron irra-
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diation to observe the detailed interaction between \the

centers and element pairs. For the formation ofwheenters w
by electron irradiation, however, there are only a few, mostly _ BF‘TO
contradictory reports. While some researchers obseWed gTo

centers on annealing the Si crystal at 200 °C after irradiation
of the sample with X 10'/cn? electrons having an energy
of 2.5 MeV?° others found that irradiation with electrons
having a lower energy than 10 MeV did not produce the
centers?! It would also be interesting to know whether e
centers are formed by electron irradiation with a lower en-"
ergy than 10 MeV. :
The subject of this study was to determine the makeup ofZ x1
the W center through the observation of the population —«
change of the centers which occurred by electron irradiation.2 (a) ,__J X177

b. units )
o}

In order to avoid serious lattice damagé' and to minimize
formation of by-products such & and C centers, protons
were employed for the implantation source for the formation 2
of the pre-existingV centers. From the observations in the
present study, the order of the formation of iNecenter was
determined to be second-order with respect to the electror
fluence (Sec. 1lIB) and probable structures of the center
were proposedSec. Il D).

intensity

Il. EXPERIMENT
I 1 | 1 1
The samples were 1 mm thiog 00 Czochralski(Cz)- 1.7 1|,6 15 1.4 13 12 1.1
grown silicon crystals doped with (2—%)10'*¥cm® of bo-
ron (p-type). The oxygen concentration in the crystals was Wavelength ( pm )
about 9< 10t/cm®. The implantation energy for protons was _ o
180 keV with fluences I'(lip) between X10Y and 1 FIG. 1. Changes in the PL spectrum caused by electron irradia-

tion for proton-implantedp-type Cz samples. The proton fluence
was 1x 10'%cn? at an energy of 180 keVa) The PL spectrum for

1 2. > as-proton implanted samplé) and(c) The PL spectra for samples
X 10", and 4.4¢10°% ion/cnt' s for fluences of 18, 107, electron-irradiated with fluences of 6630 and 5.0< 10'¥cn? at

10", and 16°-10" ion/cn?, respeptlvely. The Implantatlon an energy of 2.0 MeV, respectively, after proton implantation with
was done at room temperature using samples mounted Withigs same fluence as for sampe.
7° tilt with respect to the incident beam. In order to under-
stand the depth profiles of the element pairs and implanted I1l. RESULTS AND DISCUSSION
ions, Monte Carlo simulation was done using tineim
(transport of ions in mattgrprogram?® The range of the
implanted protons simulated fromriIM was about 1.5um. Changes of the PL spectrum with electron irradiation flu-
After the ion implantation, electron irradiation was per- ence for the proton-implanted samples were measured. Fig-
formed. The irradiation energy of the electrors | was 2.0  ure 1(a) shows the PL spectrum for the sample immediately
MeV, with fluences between 1x110"* and 5.0 after the proton implantatiotas-implantegiwith the fluence
x 108 e /cnm?. The rates of the electron irradiation were of 1x 10" ion/cn?. Figures 1b) and Xc) show the PL spec-
3.5x 10" 3.5x 10", and 2.6<10** e /cn? s for the fluence tra for the samples electron irradiated with fluences 6.3
ranges 1.K10"-1.0x10'° 1.1x10"°-1.0x10Y, and 1.1 x10' and 5.0< 10'® e /cn?, respectively, after proton im-
X 10Y"-5.0x 10*® e~ /cn?, respectively. During the electron plantation with the same fluence as for samle For the
irradiation, the sample temperature was always kept belows-implanted sample, the strongest peak at 1,4r85is due
130 °C by mounting the samples on a water-cooled coppeto the transverse opticéTO) phonon replica of boron bound
plate. excitons BTC. A significantly large no-phonon peald.22

The PL measurements were done in a standard luminegem: 1.018 eV for the W centers and their phonon replica
cence setup® The samples were kept at constant temperatur@eaks on the longer wavelength side are seen. A small peak
(4.2 K) in a liquid helium-cooled cryostat. The excitation for the C centers at 1.54m is also seen in the same spec-
light was a 488-nm Ar-ion laser line at a laser power of 100trum. A broad peak which has been thought to be due to the
mW in front of the cryostat window. The luminescence wasstrained regioff occurs between 1.2 and 1m. The fine
detected by a liquid-nitrogen-cooled Ge photodiode, and atructure formed on this peak at around 1.3—1m is due to
conventional lock-in amplifier processed the signal. The scatwater vapor absorption. With the increase of the irradiation
tering of the intensity of the PL peak of the referenceelectron fluence on the implanted sample, a decrease of the
samples was within 10% from run to run. PL intensities of thaV centers anB'®, and an increase of

X 10'° ion/cn? which produced no amorphous phas&he
implantation rates of protons were &40°, 4.4x 10, 4.4

A. Change of PL intensity with electron fluence
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the C-center PL intensity are se¢Rig. 1(b)]. It is significant  at a lower energy than 10 MeV, as reported by otR&is,
that the PL intensity of th&V centers again increases with a thought to be due to the lack of sufficient electron fluence.
further increase of the electron fluendég. 1(c)]. The observation of th&V centers for the sample irradiated

Detailed changes of the PL intensity of the no-phononwith low fluence of 2x 10 e /cn? at 2.5 MeV and a sub-
W-center peak with the electron fluence for the samples witksequent annealing at 200 {Ref. 20 is thought to be due to
various implantation fluences are shown in Fig. 2. The resuliyore than one order enhancement of the PL intensity by the
for the sample without proton implantation He  anpealing(see Ref. 15

=0 ion/cnt) is also shown. The PL intensities of thécen- For comparison, changes of the PL intensitiesg6? and
ters for all the implanted samples decrease in a straightfOly e ¢ center with the electron fluence are shown in Fig. 3,
ward manner with the increase of the electron fluence unti here only the data for two end sampled §:0 and 1

I .

8 - . g
aﬁ?ﬁ?ﬁejﬁ cl)?olniluie Cnrgz sTer:ZIIZ:_t;\n;re}?]igllgsiofrc])/rch?e dfgmtpoles X 10 ion/cn?) are shown. For the intermediately implanted
P b samples K;,:1x10"-1x 10" ion/cn?), the data points

the detection limit of the instrument before reaching an elec:
tron fluence of & 1018 e—/cim?. However. when the eglectron are located between the data for the two end samples. The PL

- .. TO .
fluence is increased above<a0® e~/cr?, the PL intensi- intensities ofB"~ for both samples decrease to the detection

ties for the implanted samples increase again. The importa/i™it 7of_the instrument at the electron fluence of 1
items seen are the emergence of Weenters for the unim- < 10" € /c?, slightly recover by a further increase of the
planted sampleH;,=0 ion/cnt) at the electron fluence of fluence, and peak at aroundx11.0'® e /cn. There is no
3.4x 10'8 e~ /cm? and the further increase of the intensity of difference in the decrease trend of the PL intensity6?

the centers with an increase of the electron fluence, indicaetween the implanted and unimplanted samples. The PL
ing that increases of the PL intensity above the fluence oftensities of theC center increase with the increase of the
2x 10" e~/cn? for the implanted samples are also due toelectron fluence, form a hill at around<i10*’” e~/cn?, and

the centers newly formed by the electron irradiation. Thedecrease gradually with the further increase of the fluence.
trends of Fig. 2 are thought to result from a competitionThere is also no essential difference in the intensity curves of
between the annihilation and formation of ecenters. Itis  the C-center peak between the implanted and unimplanted
reasonable to assume that the annihilation ofWheenters samples, except that the intensity of the former was slightly
occurs by a reaction of the center with different kind of ele-larger than that of the latter in the low electron fluence region
ments from that of the center. When the annihilation is asdue to the preexisting center formed by the implantation be-
sumed to occur by the attack of the same kind of elements dere the electron irradiation.

the W center or by a direct hit of an incident electron, the  The changes of the PL intensities®Bf° and theC center
increasgand the new formatigrof the centers in the higher- with the electron irradiation are explained by the known re-
fluence region cannot be explained. SincgiSiassumed to actions of the elements. The straightforward decrease of the
be the element of th&/ center, an annihilation of the centers PL intensity of B in the region of lower electron fluence
occurs by the attack of and the formation occurs by aggre- than 1x10' e /cn? is explained by the formation of a
gation of Sj. Results of this study emphasize that ¥4& complexB-Si, due to the reaction of neutr& with free Sj
centers are formed by the irradiation of 2-MeV electronsproduced by the electron irradiatién?® The reincrease of
with considerable fluences2x 10'® e~/cn?). The reason the BT intensity in the region of high fluence around 1
why theW centers were not observed by electron irradiationx 10'® e~ /cn? is explained by the recovery of neutidue
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to the reaction oB-Si, with V, although the reason why it B. Analysis of the population change of thew centers

occurs in this region is not clear. For tiiecenter peak, the  |n order to investigate the annihilation kinetics of thé
increase in intensity in the low fluence region is explained bycenters, decreases of the PL intensity of the center from the
the formation of a complex €O, due to the successive re- as-implanted values, obtained from Fig. 2, are shown in Fig.
actions: Si+Cs— Si+C, and the G+ O,—C,-0,.2%?® The 4 for electron fluences between'®@nd 188 e~ /cn?, where
decrease of the intensity in the high fluence region is exthe change of the PL intensities is remarkable for all the
plained by the predominant formation of a compleximplanted samples. A linear relationship between decrease of
(C-0))Si .1%?®The gentle change of the intensity is due tothe PL intensity and the electron fluence is seen in the region
the competing reactions of formation and annihilation of theof the remarkable change of the intensity for each implanta-
C center. Assuming the law of mass action, these reactions afon fluence except for the sample with the implantation flu-
the complex formation are explained as first-order with re-ence 1x 10* ion/cn? (an accurate slope is not obtained for
spect to the number of S{or electron fluence The obser- this sample due to the lack of data pojntShere is a ten-
vation that changes of the PL intensities ®Bf° and theC  dency, however, that the decrease of the PL intensity for the
center with electron fluence are not influenced by the numbearger implantation fluences is slightly larger than that for
of W centerg(i.e., ion implantation fluengedoes not contra- smaller implantation fluences for the same electron fluence,
dict the assumptions that th&/ centers are composed of indicating that the annihilation of the centers is influenced by
Sii’s, and are annihilated by’s. vacancy-capturing impurities such as oxygen, and is not

10° He
g—— 10"
£ Lo ® ot
> L - Y e i
£ 0% - e m T g -@—— 10
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completely independent of the concentration of the centersum from the surface at the deepest. Since the concentrations
The considerably large discrepancy of the values for the imef all theW centers and impurities are sufficiently sm@ig.
plantation fluence of @-ion/cn? from those for other flu- 1) and the lattice damage is very slighfor the reference
ences is explained by the relatively large capture ratio obample, the penetration depth of the excitons produced by
vacancies by oxygen\(+ O—VO).*® In spite of these dis- the excitation light near the surfa¢e-1 um) is deeper than
crepancies, it is evident that the annihilation of Weenters 50 um estimated from the exciton capture cross section of
by electron irradiation is explained as first order with respecthe impurities?’ All the signals of thew centers formed by

to the electron fluence. In order to explain the featureghe proton implantation in the reference sample are, accord-
throughout the fluence region of Fig. 2, however, formationingly, observed by PL. As seen from Fig. 2, the electron
of the W centers should occur by a higher order reaction withfluence corresponding to the same level of the PL intensity as
respect to the electron fluence. For proton implantation, théhat for the reference sample is about 80'® e /cnm?. Ac-
W-center formation reaction was analyzed as second ordeordingly, 1.8<10'%cn? element pairs are produced by this
with respect to the implantation fluent&For electron irra-  fluence within 3um from the surface employing the produc-
diation, as well, it seems reasonable to assume second-ord#wn efficiency 2/cm for one electrorf;this number is three
W-center formation with respect to electron fluence. Theorders larger than the number of element pairs produced by
number of theW centersnyy is formally described by the ion implantation in the reference sample, indicating that the

electron fluencen, as number ofW centers is not simply determined by only the
number of the element pairs produced by incident particles.
Nyw=C—Kane+ Kan, (1) Considering the large penetration depth of the excitoris0

um) for the electron-irradiated samples as well as for the
proton-implanted samples, the efficiency of the element pairs
produced by proton implantation for thg-center formation

annihilation and formation of the center, respectively. In Eq./S more than four orders larger than that produced by electron
irradiation. This large difference in the efficiency is not ex-

1), the condition thah,, is positive or zero should always : . . .
1) wis P 4 lained by the difference in the production rates of the ele-

be satisfied. When appropriate values of the constants in Edj. ) L
(1) are chosen, the change of the PL intensity with the flu- ent pairs for both methods employed in this study because

ence for each implantation curvBig. 2) is well fitted up to the production rate of the element pairs for the proton im-
the fluence of 5 10 e~ /cr2. The best-fit values df , are  Plantation with the present condition (&40 ion/cnts) is

. . . . .
slightly different for various implantation fluences, as ex- 12X 10'%c’s at the maximum density of element pairs

pected from Fig. 4. On the other hari¢; is independent of ~ 2-8% %Orslcm per ion calculated byrrim and is 5.2
the number of the pre-existing/ centers. When the cubic X 10" cm?® s for the electron irradiation calculated with the

. . . “ge 4 — .
dependence on the electron fluence is assumed in place of tREESENt irradiation condition (2610 e”/ent's), ie., the _
square dependence for thécenter formation term in Eq. former is only about two times larger than the latter. In spite

(1), the agreement between the experiment and calculatioff the large difference in the formation efficiency of té
becomes significantly worse. Accordingly, it is concludedcenter between ion |mplantat|on an_d electron irradiation, it is
that the annihilation and formation of th&/ centers are of ~€vident that then-center formation is expressed as second-
first and second order with respect to the electron flugace ©rder with respect to the fluences of both species.

element pairg respectively, in which formation order agrees
with that obtained from proton implantatidn.

whereC is the number of the pre-existingy centers formed
by proton implantation, anl , andK are the constants for

D. W-center model

In modeling theW center, requirements of tH&11) trigo-
nal symmetry” and the second-order formation of the center

While theW centers are easily observed in the implantedwith respect to the fluences of both incident ions and elec-
samples, it seems, in general, very difficult to observe thentrons are essential. In addition to these requirements, the
in the electron-irradiated samples. In order to investigate thaigher efficiency of théV-center formation by ion implanta-
formation kinetics of theW centers, the efficiencies for the tion than electron irradiation is a strong point for the model.
formation of the centers between the element pairs produceld the previous study;, the (111)-split monointerstitial model
by the ion implantation and electron irradiation are com-was proposed for th&/ center by simply satisfying the re-
pared. Since the lowest fluence case of the proton implantatuirements of the symmetry and formation order with re-
tion is the most ideal due to the low lattice damay¢he  spect to implantation fluence. The procedure of the center
level of the PL intensity of th&V centers for an as-implanted formation was thatl) many element pairs produced by ion
sample with the fluence ofx210' ion/cn? in Fig. 2 is re-  implantation formedV-Si, close pairs around the range of
ferred to for comparison. Since one proton with an energy oprotons;(2) then the center was directly formed by the attack
180 keV produces about 11 element pairs, as calculated frowf a free Si onto theV-Sij, close pair through the mediation
TRIM,?? in total 1.1X 10'%cn? element pairs are produced of V to satisfy the(111) symmetry of the center, which is
within the depth of 2.Qum from the surface by the reference second order with respect to the fluence of ions. Although
proton fluence (X 10™ ion/cn?). Since theW centers are this explanation has a basic importance considering that the
formed inside the collision cascade volume and/or not so fantermediateV-Si; complex at the recombination of,Siith
from it, it can be assumed that they are distributed within 3.0V, proposed by Tanget al.?® has considerable stabilitghe

C. Efficiencies for the formation of the W centers
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recombination barrier is-1.1 eV), a more advanced expla- According to calculations, it is general thought that stabil-
nation based on the findings obtained in the present studiyy of interstitial clusters increases by successive combina-
and those given by other studies is needed. The high efftion with interstitials®>*>3¢although there is one experimen-
ciency of the W-center formation by ion implantation is tal analysis in which clusters containing four and eight
thought to originate from a special configuration of the ele-interstitials are only stable until forming larger clusters con-
ment pairs produced by this method. While the same numtaining more than 15 interstitiafé.Within the second-order
bers of Sji’'s andV'’s are uniformly distributed everywhere in formation of theW center with respect to the number of the
the crystal for electron irradiation, for proton implantation, element pairs, there are two ways to form the interstitial
not only the distribution of each element has a sharp peak agtroducts at the end of the range; one is the formation of a
around the range of protons, but there are an excessive numew interstitial through the combination of the metastable
ber of Sj's deposited at a deeper position than that of theV-Sij, close pair with an isolated Si and the other is the
maximum distribution ofV also, which is theoretically ex- formation of a di-interstitial through the direct combination
pected byrrimM and is experimentally observed by deep levelof two isolated Sis. In the former case, when either or both
transient spectroscopy for boron implantatfSiThe high ef-  Si’s areT interstitials, a(111)-split monointerstitial is easily
ficiency of theW-center formation is assumed to be due toformed, as stated earli&t.Several types of di-interstitials
these split distributions of both elements around the range afias predicted by a number of auth8r&;1128353however,
protons. The excessive number of'Siat the end of the among them, the model proposed in Ref. 8 is the only one
range of protons are assumed to reside as isolated interstitialghich satisfies th€111) symmetry. This model, synthesized
and have a probability to directly bond to anotheriBime-  from a (110-split interstitial and aT interstitial and desig-
diately after implantation. Most of the other,Sitend to  nated as thé111) ST di-interstitial(ST: split triple), consists
combine withV to form theV-Si, close pair or to recombine of three Si atoms sharing one lattice site and forming an
when there is no impurity. On the other hand, homogeneousquilateral triangle in §111) plane. The+2 charge state of
formation of theV-Si, close pairs or a recombination of the the (111) ST di-interstitial is the most stablghe formation
pairs occurs everywhere in electron-irradiated sample. enthalpy is 3.0 eY among several charge states of three
To understand the atomistic model of técenter, prob-  di-interstitials calculated in Ref. 8. Accordingly, tkEl1) ST
able configurations of isolated,Sire considered. The stable di-interstitial is also assumed as the candidate foMheen-
configurations of several charge states offive been cal- ter. Considering, from molecular-dynamic simulatiéhshat
culated by a number of authors at various levels ofthere is a strong attractive interaction between twics $0
theory® 12 While the T interstitial (situated at thd site) is ~ form a di-interstitial when they approach very close to one
the most stable according to an empirical tight-bindinganother, the formation of this species seems as easy as the
calculation® the (110-split andH (situated at hexagonal sjite  (111)-split monointerstitial in implanted samples. It is worth
configurations are more stable th@rby the first-principles  noting that excessive interstitials at the end of the range play
local-density approximatioh;?®%i.e., the stability of iso- @ central role for the formation of both models of tiié
lated Sj has a considerable variation with different theoreti-center. Since the distribution of the element pairs is homo-
cal bases. However, since the iso|ate£j I8is not yet been Jeneous everywhere in an electron-irradiated sample, the in-
observed, there is no experimental information to whichcrease of the number of thW centers seen above the fluence
theory can be compared. Since tHe 0-split interstitial is ~ of 1x 10 e”/cn? (Fig. 2) is simply explained by the in-
the basic building unit for th¢311 defect§ which occur by ~ crease of the probability to approach twq'Sior a V-Si
annealing the sample above 650 °C and it is thought to plapair and Sj) to bring about an attractive interaction between
a central role in TED of dopanfs’! there is an opinion that them when the number of the element pairs increases.
it should also be the building unit for small clusters. How- ~ The tri-interstitial (3 in these reportsmodel involving
ever, since at least five PL peaks due to thermally moréhree Sj's at three adjacent pucker®C sites on ong111)
stable clusters than the/ center are observethot shown plane was proposed for théWN center by several
herg before occurring th¢311} defects, which are also seen authorst®!1*However, this cluster does not seem to be a
from the data given by other authdfs>? and structural candidate for thew center due to the following reasons.
transformations are reported to occur in the evolution fromFirst, it is difficult to suppose the formation of a tri-
these clusters to thi811} defects’*33%it is unnecessary to interstitial by the second-order reaction with respect to the
assume that the small clusters including Wecenter have number of Si's. Second, according to molecular-dynamics
the same building unit as that of t§&11} defects. This idea simulations given by other authors, the cluster is highly
is also supported by a recent calculaffbthat showed that stable and does not diffuse for a long time even at 103 K,
compact-type clusters composed of 2—4 self-interstitialsand at the melting poirf which differs from the observa-
form a more stable group thgal10 elongated-type clusters tions that théW centers are not so stable and are completely
which are the building blocks of th@11} defects and have a extinguished below 500 °¢:21|t seems reasonable to assign
discontinuity in the formation energy with the latter group. the highly stable simulated clusters such %and Si4 (Ref.
Accordingly, it is reasonable to assume that several stabl@) to the above-mentioned high temperature clusters which
structures of Sisuch asT and(110-split interstitials all have are present at higher temperatures than 550 °C. Accordingly,
a possibility to be the building urtg) for the formation of only the (111)-split monointerstitial and th€111) ST di-
the W center. interstitial remain as candidates for tiécenter model.
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E. Summary order of theW centers and the configurations of element
pairs produced by incident particles, t{id 1)-split monoint-
erstitial and the(111) ST di-interstitial were chosen as the
Rrobable candidates for the center.

The annihilation and formation of thé/ centers by elec-
tron irradiation in the sample containing the pre-existing cen
ters were explained by first- and second-order reactions wit
respect to the number of element pairs, respectively. The ACKNOWLEDGMENT
efficiency of theW-center formation from element pairs pro-
duced by electron irradiation is much smaller than that for The authors would like to thank H. lwasaki for assistance
ion implantation. Considering the symmetry and formationin observing the PL spectra.
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