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We used electrically detected magnetic resonance to study the microscopic structure of
ion-implantation-induced point defects that remained in large-scale Si integrated di8iUiSSIs).

Two types of defects were detected in the source/draifttype) region of 0.25um-gate-length
n-channel metal oxide semiconductor field-effect-transistors on I(Bla:spin-1 Si dangling-bond

(DB) pair in divacancy—oxygen complexéPB—DB distance,R~0.6 nm); and(ii) a series of
larger Si vacancies involving distant Si DBR# 1.4 nm). These vacancy-type defects were much
more thermally stable in Si LSIs than those in bulk Si crystals. We suggested two physical
mechanisms for this enhanced stability: internal mechanical stress and oxygen incorporation in the
active regions of LSls. After examining the relationship between the defects and current—voltage
characteristics, we concluded that these defects are distributed in the near-sdrigpe region

close to the gate and that they are the source of the gate-induced drain leakage curréti®3 ©
American Institute of Physics[DOI: 10.1063/1.1623608

I. INTRODUCTION give us microscopic information about defects equivalent to
that obtained using electron paramagnetic resonfdeP&.

lon implantation is a key technology in the fabrication of EPR has greatly improved our understanding of knowledge
large-scale Si integrated circuitSi LSIs). This process al-  about bulk-Si defect$so that EDMR should be equally use-
ways requires high-temperature annealing, typically aful. However, despite the potential of EDMR, its application
1000 °C, to recover the crystalline lattice, annihilate defectsto Sj devices has so far been confined to examining noninte-
and activate implanted dopants. However, even after recoyyrated devices such as large-arep-Si diodeg or damaged
ery annealing, some defects still remain, which is evidengevices such as the structure of a metal oxide semiconductor
from electrical measurements. For large defects such as digvOS) after y-ray irradiation® in order to increase the defect
locations, it is possible to obtain information directly by us- signal.
ing transmission electron microscopyEM) combined with In this paper, we report EDMR measurements on as-
focused-ion-beam processing for LSIslowever, in study-  fabricatedn-channel metal oxide semiconductor field-effect
ing small point defects, there were no methods that Wergransistorf MOSFETS on Si LSIs, which were made using a
directly applicable to LSIs. Characterizing these point deg 25um-rule process. The detection sensitivity to defects
fects is important because a number of failures in LSIs showan pe greatly enhanced by using a reverse-bias EDMR
no detectable defects in TEM analyses, and are thereforgethod and a carefully designed MOSFET array. These tech-
believed to relate to much smaller defects. With the currenhiques make it possible to identify the microscopic structure
trend towards downsizing device regions, such defects havgs process-induced defects in device-quality samples. The
become increasingly critical in terms of device performanceyefects observed were two types of Si vacancies produced by
Furthermore, the complicated processing steps used for LS|fe jon implantation in the source/drain region of the MOS-
are resulting in the formation of more process-inducedegTs It was believed that these vacancy-type defects would
defects. _ _ _ _ _not remain in Si LSIs because of their low thermal stability

One possible means of detecting point defects in LSIS ig, bk sj crystals. However, it should be emphasized that
the usez_sof _electrically ~ detected magnetic  resonanceqqinns in downsized devices are quite different from those
(EDMR)."™ Since this technique monitors the magnetic;, 5 nomal sj lattice, which makes the defects very stable
resonance of Qefects via resonant changes in the dgwce CWyen at high temperaturés- 1000 °Q. The physical mecha-
rent, it is applicable to t_he small sample volumes in I‘Sls'nisms for this enhanced stability are discussed in this paper
Moreover, EDMR selectively detects only defects along theoased on our experimental results. We also examined the

current path and thus related to device performance. It Caﬂalationship between the defects and th&/ characteristics

of MOSFETs. Eventually, it was found that these defects
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FIG. 2. EDMR spectrum of our sampl&\=0.8 «m) measured under a
FIG. 1. (a) Sample structure(b) Electrical configuration for EDMR mea- reverse-bias condition.
surements and schematic views of gate-bi4s)(dependence of the sample.
Gray area represents the depletion layer.

electric loss. Figure (b) shows the electrical configuration
for the EDMR. The rate of resonant current change/()
Il. EXPERIMENTAL PROCEDURE was monitored for the currerit) flowing from the source/

Figure Xa) shows the basic structure of the samples wefrain (17-type layey to the p-type substrate of the MOS-
examined, which consisted of a parallel arraynethannel ~ FETS: in other words, the” —p junction current was used
MOSFETs with a gate length of 0.26m and a gate-oxide for the EDMR. To _amphfy the resonant current changes, we
thickness of 9 nm. The source/drain“(-type) region was USed a magnetic-field-modulation technique operating at 320
formed by phosphorous ion implantations with a total dosd?Z- The standard modulation width was 0.9 mT, but to en-
of about 163cm2. Recovery annealing was carried out at large the center part of the spectra, a width of 0.4 mT was

800~1000°C. Under these conditions. the TEM imagesused' The measurement temperature was adjusted to 230 K

showed no lattice defects. To obtain sufficient signal inten@seéd on the following considerations. In principle, the spin

sity from the device-quality samples, we integrated a numbef€Sonance sigr_lal increases with decreasing temperatures, ac-
of the MOSFETSs into one sample so that the total sourcef0rding to Curie’s law. However, at low temperatures, ther-
drain area increased to 345@n2. The LSI process used in mal generatlon—recomblqatloq processes via defect_s are
this study was the same as that used for dynamic randord'9ely suppressed, and Si devices no longer show their nor-
access memorie€DRAMS), which has been optimized to mal | -V charactenstu;s. Accordingly, an optimum temperg—
minimize leakage currents in the" —p junction (junction ture should_be _establlshed for EDMR measurements, which
leakage currents, JLEsTherefore, the density of defects has Was 230 K in this study. To prevent the generation of photo-
also been minimized in our device regions. The lines oféXcited carriers, no illumination was applied.
MOSFET along they-direction were isolated by shallow
trench isolationg(STIg). It is well known that these STIS |||. RESULTS
generate strong mechanical stress in specific device regions, , i ) ,
depending on the STI pitctw). In general, decreasingy - Detection of defect signals and relationship
causes a strong compressive stress in the MOSFEtIletWeen the defects and /- V' characteristics
regionstt? which frequently results in an appreciable in- Figure 2 shows a typical EDMR spectrum for our
crease in JLCE *This implies that STI-induced stress cor- samples. Two EDMR signals, which we called signals A and
relates with the formation of defects. To examine how thisB, can be clearly observed. This spectrum was measured
stress influences defects and device performance, we prasing two special techniques that greatly increase the signal
pared three samples with different STI pitches of 24, 2.4, anéhtensity. Before analyzing the spectrum, we describe the de-
0.8 um. The existence of the STl-induced stress has beetection conditions for these signals and clarify the relation-
confirmed in a STI structure similar to this offeThe three  ship between them and tHe-V characteristics of our de-
samples were fabricated on a common 8-in. wafer, so that theices.
process for each one was completely identical. Finally, for A key point in the signal detection was the use of a
EDMR measurements, we cut small-sized chips5x0.5 reverse-bias EDMR techniqdeNamely, we applied a re-
cn?) from a wafer and made electrical contacts with Au-wire verse bias to thp—n junctions for taking the EDMR signals.
bonding. In previous studies using EDMR, either a forward bias or
The EDMR spectra were measured with a modifiedphotoexcitation of thep—n junction has been used to excite
X-band EPR spectrometddEOL RE-2X, which we de- a large current-* Under such conditions, however, only a
scribed previousl§:® The sample was set in the center of asmall fraction of the defect-induced recombination currents
TEyq1 cylindrical microwave cavity (Q factor=18000. is generated, as compared to diffusion currents. However,
Since our samples were very small, we were able to apply eeverse junction leakage currents can include a larger frac-
microwave power of 200 mW to them with a minimum di- tion of defect-induced current§.Among the various pro-
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FIG. 3. Reverse-bias dependence of the EDMR signal and device current in 6 4 2 10
a sample YW=0.8,um). The signal intensity£I/l) is calculated from the
higher-field-side peak height of signal B. Solid lines are guides to the eyes. Gate voltage, Vg (V)

cesses that generate JLCs, capturing an electron by a pare (b 24um || 0.77 |o. ?
magnetic defect in the depletion layer is spin dependent. ® g ORDotlumelpalm )
The probability of this process occurring increases with the 2.4pm 1.1
reverse bias due to tunneling of electrons from the Si valence
band to the defecf We therefore expected that signal detec- 08um | | 077 |23
tion would be more successful under a high reverse bias defect intrinsic
(VR)’ and in fact, -the EPMR signals in?reased Cc)"]SiderablyFlG. 4. (a) Gate-bias dependence of the EDMR signal and device current
unde_r the;e con@ﬂor{ﬂg. 3)j WhenVR 1S Iarge[ than 6 \ where the lines are guides to eyes. The signal intensity is calculated from th’e
the signal intensity £1/1) easily exceeds 10010™°, which higher-field-side peak height of signal Bb) Estimation of the defect-
is much larger than the maximum value &f/1 for a for-  induced current component in a total curreniat=—4 V.
ward bias (1% 10 9). In addition, in our previous EDMR
measurements of a planarsin diode (forward biased, 4
K, and under photoexcitationthe maximumal/l value was Together with the EDMR signals, the JLC increased ex-
no more than 18 10 ©.% Therefore, the detection sensitivity ponentially under negativ€s. This phenomenon is known
was greatly enhanced by using a reverse-bias EDMR methoas gate-induced drain leakag&IDL).° It has been con-
as compared to conventional forward-bias/photoexcitatiortluded that the GIDL originates from band-to-band tunneling
EDMR. As the reverse bias increased further, the JLC conand/or trap-assisted tunneling in the gate-induced near-
tinued to increase, but thel/I decreased. This implies that surface depletion layér'® From the results of this study, it is
direct tunneling of carriers through the depletion layerclear that the observed defects are a source of trap-assisted
started to occur. WheYig was over 10V, the electric field of GIDL. Since the GIDL causes non-negligible leakage cur-
the depletion layer increased to 1 MV/cm. In this regime, therents in the channel-OFtand-by state of MOSFETS, it is
tunneling and avalanche currents become domitfafftand  an important issue for LS| performangédn particular, the
eventually thep—n junction undergoes a breakdown. charge-retention time of DRAMs would be considerably re-
In addition to using a high reverse bias, controlling theduced by such a GIDE® Thus, the defects we observed are
depletion layer with the gate bias is also necessary for signaif special significance in DRAM performance. Similarly to
detection. As shown in Fig.(th), changing the gate voltage Fig. 3, a high gate bias caused a decreasgliit. Since the
(Vg) causes the depletion layer to expand into the neargate bias increased the electric field in the depletion region
surface region of eithen™ - or p-type Si. Therefore, the gate (and hence the depletion layer expanded into rifietype
bias enabled us to focus on the region in which most of theegion, this behavior can be explained by the occurrence of
defects were located. Figurda} shows the EDMR signal the direct tunneling.
intensity as a function oW for the three samples. As is In Fig. 4(a), it is also notable thaAl/l shows a drastic
clear in this figure, the EDMR signals increased under negaincrease a¥V decreases. In principlé& |/l becomes larger if
tive Vg for all our samples, demonstrating that the defectshe defect density of a sample increaS&3herefore, it is
were distributed in the near-surfaoé -type region. This is reasonable to assume that defect density increases in a
quite reasonable, because ion implantation creates muatarrow-width MOSFET. This is in agreement with the in-
more damage in tha*-type (i.e., high dosgregion rather crease in JLGFig. 4(@)], which also suggests an increase in
than in thep-type region. the defect density. To clarify this, using thd/I andl values
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Signal A is a EDMR signal that has not been reported in
other EDMR studies. We presume that signal A may have
0 30 60 20 been too weak to be detected in previous studies. This signal
Magnetic field angle (deg) splits into multiple linegFig. 2) and shows a strong depen-
FIG. 5. Angular dependence of signal A. Solid lines represent the best-filence on the magnetic-field) orientation. Figure 5 plots
pattern. In the gray area, signal A is not clear due to the overlapping othe resonant positions of signal A as a function of the rotation

signal 8. of B in the (011) plane. One notable characteristic of this
pattern is that the ratio between the splitting widths at
BI[100] and BI[011] is exactly 1:2. This strongly suggests
atVg=—4V, we estimated the intrinsic and defect-inducedthat the signal splitting originates from a fif@ectron-spin—
components in the total JLC. We assumed thathe intrin-  electron-spin interaction, which is almost axially symmetric
sic components were constant for the three samplegiand around the[011] direction. Previously, similar fine interac-
Al/l was in proportion to a fraction of the defect-induced tions were reported for a series of spin-1 vacancy-oxygen
components in the total curreht The results are shown in complexes in radiation-damaged %i?® such as \+O,
Fig. 4(b). This figure indicates that decreasikgcauses an [Fig. 6@]. These complexes retain a pair of Si dangling
increase in the defect-induced component, and therefore gf,,45(DBs) that generate a fine interaction. Thus, we simu-
Increase in the total ‘]LC,' A}Z!g'_lﬁr phenomenon, was Ob1ated the angular dependence of signal A by adapting the
served in pther types (.)f SiLSI. . In those e>'<per|mer!ts, common defect system to spin-1 complekxE®. 6(b)]. The
the JLCs increased with the scaling of the device, or with an . . .
increase in process-induced stress. Accordingly, this phes:lmulapon and expenmentgl data appeare_d to match very
nomenon has been ascribed to stress effects, such as ba 2l (F'Q- 5. T"’_‘*_"e I summarizes the best-fitting EPR p_argm-
gap narrowing?® formation of dislocationd? or small eters, in add|t|0n to the reported values fpr ra(ﬁatlon-
defectd®!? due to stress. Our results suggest that point ded@maged Si. The most important parameter is théfiie
fects relate to this phenomenon. We speculate that the reassferaction tensor. As can be seen in the table, the principal
the formation of defects is dependent on a factoMefis  values of D D, to D3) systematically decrease with the
connected with the structure of the defects, which is considaumber of Si vacancies, in accordance with Rie® depen-
ered subsequently. dence(R=separation between DB®f the fine interaction.

TABLE I. EPR parameters for signal A and various spin-1 vacancy—oxygen complexes. The definition of these parameters is showh)inThig.Sh.1
center corresponds to a photoexcited metastable (se¢eRef. 22 Theg, axis in this table shows an approximate principal axigof The principal D values
are expressed in mT. In Fig(l§, we simplified the principal axes &, andD4 to be[ 011] and[100], respectively, however, the reported axes were deviated
from these directions.

Defect(labe) R (nm) g1 J» g3 g, axis D, D, D3 Ref.
Signal A 2.008 2.002 2.010 [?1] +4.0 7.1 +3.1 Present
V+0O (SL)) 0.38 2.0102 2.0057 2.0075 [oﬂ] +21.9 +46.8 +24.9 22
V,+ 0 (A14) 0.58 2.0090 2.0020 2.0093 [?1] +4.2 +6.6 +2.4 20, 21
V,+0, (P2) 0.58 2.0088 2.0019 2.0099 [?1] +4.3 F7.4 +2.9 20
V3+0 (P4) 0.77 2.0082 2.0036 2.0066 [of] *1.4 *¥29 *15 20
V3+0, (P5) 0.77 2.0091 2.0050 20072  [011] +1.6 3.2 +1.6 20
V3+ 05 (A15) 0.77 2.0115 2.0045 2.0085 [of] +1.9 +3.8 *1.9 20
V4 (P3) 0.96 2.0099 2.0010 2.0102 [?1] +0.84 +1.64 +0.80 23
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Our results are in good agreement with those obtained for the T T T | |
divacancy plus one oxygen atom {¥ O, the A14 centgror (a) experimental /
two oxygen atoms (¥+ O,, the P2 center®?*We ruled out signal B
the possibility of an intrinsic divacancy Y, because the ¥/
defect appears as a spin-1/2 cerigther G6 or G7 center, if
it is positively or negatively charged, respectivel§ There-
fore, we concluded that signal A originated from a combina-
tion of A14 and P2 spectra. The atomic structure of the V
+ 0O center is essentially the same as that ¢f-\D, [Fig.
6(a)], except that one SIO—Sibond is replaced by an elon-
gated Si—Si bond®

This atomic structure is also consistent with the g tensor @ 3¢ |-
data. As is seen in Table I, the g tensor of signal A is nearly 0 I | , [ | I[00]
axially symmetric around the principal axis gf (i.e., g4 318 320 322 324 326 328
~(3). This indicates that the DB pair is parallel to tge Magnetic field (mT)
axis, which is consistent with the model shown in Fig. 6. If ) .

L . . FIG. 7. (8) Angular dependence of signal B. Dashed and solid lines were
the DB pair is not parallel, as is the case for ahd Vs, this measured foB||[100] and B|[011], respectively(b) Simulated angular de-
axial symmetry is no longer observed. It is also worth notingpendence of signal B for the rotation in the (01) plane, which was
that the principal g values of signal A are quite similar to calculated for a model of ¥ a DB pair. Solid and dashed lines correspond
those of a typical Si DBthe P, and Py, center$ at the to simulations for parallel and nonparallel DB pairs, respectively.

SiO, /Si interface® This also supports our conclusion.
Since a Si DB has an unpaired electron, the generation—

recombination process by which a DB captures an electron iB obably involved in Si vacancies. In Fig. 8, the maximum

spin dependent. This spin-dependent process is only aCtivei’ine-splitting widths Do) of the spin-1 Si vacancies are

$e+sol DBd'S li‘g‘ted in the depcljetlon Iz?/er. -Iiherifore'htheplotted as a function oR. For signal B, theD ., value

Aol Vo v genltet'fs ae etecﬁf"‘ e onv te”tt ®should be less than the full width at half-maximum of the
are located In the depietion 1ayer, which IS consisient wi absorption peak=1.5 mT). On the basis of the intersection
our arguments in Sec. A. It should be mentioned that whe

: : . etween 1.5 mT and thR 3 dependence oD ,y, We esti-
these Si DBs are _Iocated outside the depletion layer, t_he%ated thatR is larger than 1.4 nm. ThiR value approxi-
make no contribution to the JLC as well as to the Sp'n'mately corresponds to the length of thg ¥ V; chain. In
dependent process. Fig. 7(b), the angular dependence of signal B was simulated
by using a model consisting of \plus a DB pair, based on
the same defect system used earlier. The g tensor was set to
that for either \4 and V, (a parallel DB paiyror V; and V5 (a
Signal B resembles the well-known Si DB sign@  nonparallel pair, as shown in Table I. We used D values of
value, g=2.0055) observed in amorphous®Sand in Si  D,=+0.21,D,=70.37, andD;=+0.16 mT, which were
crystals damaged by implantati8hirradiation® or mechani-  calculated from theilR—3 dependence. The two simulation
cal stres$! The origin of theg=2.0055 signal has been patterns for the different g tensors are superimposed in Fig.
generally accepted as isolated Si DBs that are embedded ran-
domly in an amorphous matrf®>-2" However, this picture
does not apply to oun™ —p junctions, which were composed 100
entirely of a crystalline Si lattice. Signal B was observed in
our local-oxidation-of-Si-isolated $i—n junction, which
was also composed of crystalline “SPreviously, we tenta-
tively assigned the origin of signal B to an implantation dam- 0
age centet. However, we were unable to extract spectro- e
scopic information for a weak signal B and were therefore €
unable to clarify why isotropic Si DBs are embedded in crys- § . _
talline lattice. In contrast with the previous work, the high- @ [___..._.-.-.-.-- signal B (Vs ™)
intensity spectra in this studyFig. 7(a)] clearly show that 1
signal B is not isotropic and becomes sharp whgris
aligned in the[100] direction. This anisotropy is clear evi-
dence that the Si DBs were not randomly oriented in our
samples. Furthermore, we can exclude the possibility of iso-

B || [100]

EDMR Signal, Al

90
60 - (b) simulation
V7

[011]

B Angle (deg)

An analogy with signal A indicates that these DBs are

C. Origin of signal B  (large Si vacancies )

E

I | 11 Illllllllllllllll

lated DBs because their spectra are characterized by spli 0.1

lines, as observed in the,, spectrunf: Therefore, we con- 1 2 8 45
sider that the relevant DBs interact with each other only DB-DB distance, R (nm)

weakly (i.e., R is large, resulting in the split lines being FiG. 8. Maximum fine-splitting width D ,,,) versus DB—DB distanceR).
smeared out by weak fine interactions. The solid line indicates th ™3 dependence.
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vacancy-type defects appear to be much more thermally
stable in device structures than in bulk Si crystals.

We propose two physical mechanisms for this phenom-
enon. One is a mechanical stress due to the structure of the
device. As was seen in Fig(&, the STI structure strongly
influences the density of residual defects in specific device
regions. When MOSFET widtiiw) is narrowed, compres-
sive stress increases monotonically and becomes several
hundred MPa folW in the submicron rang€:'? Generally,
under such compressive stress, Si vacancies become ther-
mally stable because the tensile stress induced around a Si
vacancy cancels the compressive strain of the Si latfice.
Although this energy gaii=pressure coefficient of the va-
cancy formation energyAE;) has not been determined for
FIG. 9. A defect model for signal Barge Si vacancies including distant Si  vacancy—oxygen complexes, the simplest example of a Si
DB pairs (R=1.4 nm) and probably oxidizedin this figure,R is 1.6 nm. monovacancy (Y) reveals thatAE;=—0.1eV at a com-
pressive stress of 600 MBAEven with this smalAE;, V;
is about three timeg~exp(AE;/kgT), wherekg is the Bolt-
zmann constahtmore stable al =800 °C and 600 MPa, as

7(b). We should mention that this simulation was too simple
to account for all actual DB situations. However, it revealed L . )
some essential features of signal B. First, due to complicate%ormar.ed oa zero-stress S|t.ua.t|on. ILis thus possible that
fine splitting, a complete signal will form a single broad peakmor,e S! monovacancies remain in a narrower MOSFET, re-
for any rotation angle, as observed experimentally. Secon@Ulting in more Si vacancy-type defects. The key factor in
the signal-narrowing effect observedgif100] has been ten- the effect of stress is how large theE; value is, which is
tatively reproduced because of the snay value. Similar ~ determined mainly by how large the defect-induced stress
results were also obtained wh&was increased. Note that is.2° If this defect-induced stress is larger for vacancy-oxygen
since there are a number of possible configurations of DBsomplexes than for monovacancies, the stress effect will be-
and vacancies, the signal broadening proceeds fully, resultingome more significant than suggested earlier.

in a complete single line for signal B. Consequently, we pro-  The other important factor is the concentration of oxy-
pose that signal B arises from a series of large Si vacanciggen atoms. Studies on oxide precipitates have suggested that
(Vq,n=6), which leave weakly interacting Si DBSR(  once some Si vacancies are oxidized, they form a thermally
=1.4nm). These large vacancies are supposedly Ox'd'ze&able nucleus for growing large oxide precipitéteThe

during hlgh-tempe_rature_ processes. Figure 9 illustrates OYPR studies have confirmed more directly that Si vacancies
model for the origin of signal B. We suggest that they are a

small type of the oxide precipitates observed by TEM on(\_/1 to V3) become increasingly _stable when t_hey cguple
Czochralski(CZ) Si wafers?® Such oxygen precipitates are with more oxygen atom& Our devices were fabricated in a
formed in the same temperature range used for recovery aRigh-purity epitaxially grown Si layer, so that the initial oxy-
nealing of ion implantation process®sso similar defects gen concentration should have been much smaller than that
could be formed in Si LSls. of CZ Si wafers(which involve a supersaturated concentra-
tion of oxygen atoms during the crystal growtin our
samples, however, oxygen incorporation could occur in the
near-surface regions during oxidation and implantation
through scattering oxides. It is thus likely that the oxygen
The microscopic origins of signals A and B have beenconcentration is high only in the near-surface region of the
assigned to small and large Si vacancy-type defects, respegevices and, therefore, that Si vacancies are thermally stable
tively. Since ion implantation creates a large number of Sin such a region. This is consistent with our experimental
vacanciesiand also Si interstitia)s this result seems to be regy|t that the defects observed were distributed in the near-

reasonable. In our samples, signal(lBrge vacancigswas ¢ face regior(Sec. Il A). Recently, a similar phenomenon

always ml_JCh_ more dominant than signal A,(¥O and V, . was found by using positron-annihilation measurements on
+0,). This is also reasonable, because larger vacancies 30 |n

show higher thermal stability, as observed in radiation-Se.paratIon by implanted oxygeSIMOX) Si wafers. .
damaged S7°23 this case, v_acancy—oxyge.n complexes were t_]letected in near-
After implantation, however, our devices were SubjecteOsun‘ace regions that contained a two-orders higher concentra-
to recovery annealing at 86000 °C, which is much higher tion of oxygen atoms (Fem?) than a typical value for
than the anneal-out temperature400 °Q) for V,+O and Cz Si wafers. These complexes were stable even in pro-
V,+ 0, in bulk Si?° In addition, theg=2.0055 signals usu- cesses at 1300 °C. Interestingly, their sizes were tentatively

ally disappear when implantation-damaged Si wafers are arestimated to be Y~V,(=V,+ oxygen atoms) or larger than
nealed in the appropriate temperature ratfgeherefore, Si Vg, which is quite consistent with our microscopic data.

IV. DISCUSSION: HOW CAN THE VACANCY-TYPE
DEFECTS REMAIN IN Si LSIs?
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