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Gettering of copper in silicon at half of the projected ion range induced
by helium implantation
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Secondary ion mass spectroscopy, transmission electron microscopy, Rutherford backscattering/
channeling spectrometry, and elastic recoil detection analysis measurements were used to determine
the Cu gettering behavior induced by He implanted into Si samples. This study was done in an
iterative way by changing the implanted He fluencex(®®-3x10*cm ?), implantation
temperature(room temperature or 350 jCand implantation conditiongrandom or channel
implantg. Upon postimplantation annealing at 800 °C for 600 s, in addition to the gettering at the
projected rangeR,;,) region, the room temperature implanted samples also present Cu gettering in
a region corresponding to the half of the projected rarig¢/2) depth. Also a threshold fluence
(d~7x10%at/cnf) was determined for the appearance of Rg2 effect. In contrast, for the

350 °C implants, the Cu impurities are detected only close tdtheegion where the He induced
cavities are formed. The gettering effecRat2 region is discussed in terms of the cavity formation
mechanisms and their influence on the point defect fluxes taking place during the thermal annealing.
© 2002 American Institute of Physic§DOI: 10.1063/1.1418005

I. INTRODUCTION days attributed to small vacancy-type defect clusters not vis-
ible in TEM images. The vacancy-rich region arises because
Metal impurities can dramatically degrade the deviceof the slight displacement between the vacancy and intersti-
properties in Si even when they are present at quite smatlal generated in a high-energy knock on, as suggested by
concentrations below £8cm™2.* High-energy ion implanta-  atomistic simulation&® The assumption of complete local
tion is being increasingly recognized as a promising methoghoint defect recombinatiofafter the annealingleads to a
of achieving impurity gettering in Si. In the so-called “prox- local vacancy excess at the near-surface region and an inter-
imity gettering” technique a gettering layer is formed in the stitial excess towards tHRe of the implant. The existence of
bulk of the Si wafer near the active device area by means dfiefects aRp/2 can be verified experimentally in most cases
ion implantation and annealirfgThe gettering layer collects only by means of the impurity decoration method. Oxygen as
unwanted metal impurities, thus reducing their concentrationvell as the transition metals are very efficiently trapped in
in the active device region. This process has been extensivetjte Rp/2 region>~’ The supersaturation of vacancies can be
studied in view of its potential application in advanced largemonitored by the transient enhanced diffusi@ED) of Sb
scale integration technologyThe capture of metal impuri- spikes. On the other hand, the TED of B in the same region
ties in MeV implanted Si has been detected by secondary iofdicates supersaturation of self-interstitials tHefée con-
mass spectrometr§5IMS) at the depth corresponding to the ventional variable-energy positron annihilation spectroscopy
projected rangeR,, of the implanted ions, where a buried (PAS) was used to investigate the depth distribution of
layer of extended lattice defects can be observed by transracancy-type defects in the samples revealing metal getter-
mission electron microscop{f EM). However, in addition to  ing at Rp/2°7! The data for the samples annealed at tem-
the gettering aR,, the trapping of metals at tHe,/2 region  peratures between 800 and 1000(tgpical annealing tem-
has also been detected for MeV ion implanted Si in theperatures in theRp/2 effect studies do not show the
10"at/cnf fluence range, after thermal annealing in theexistence of vacancy-type defects. This means therefore, that
700-1000 °C temperature interval. This phenomenon, callethe concentration of residual open volume defects is below
“the Ry/2 gettering effect” was first observed by Tamura, the sensitivity of the PAS technique which was applied.
Ando, and OhyAby studying the gettering of O in czochral- However, other PAS investigations using low positron ener-
ski (C2) Si after MeV implantation of a variety of ions, such gies, combined with a stepwise removing of the surface in
as C, F, Si, Ge, and As. The,/2 gettering effect is nowa- order to obtain high-resolution defect-depth profiling, shows
the presence of open volume defects in B2 region'!
dAuthor to whom correspondence should be addressed; electronic mail: Irradiation of Si with light ions has also been studied for
peeva@fz.rossendorf.de many years. In particular, He is known to agglomerate into
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TABLE I. Depth of theR,/2 andR, peak positions and the cavity mean diameter for each implantation and
annealing condition.

Depth of Depth of Cavity
Ry/2 peak R, peak mean
Energy  Fluence IT Impl. position position diameter
Anneal (keV) (cm™?) (°C) Direction (pem) (pem) (nm)
800 °C 40 TD RT Random 0.38 5 12
10 min
RTA (Ar) LD RT Channeling 0.25 0.5 5 125
Random 0.2 0.4 5.5 10.5
HT Channeling 0.45 4.5
Random 0.35 4.5
HD RT Channeling 0.25 0.45 6.5
Random 0.2 0.35 5.5
HT Channeling 0.45 7
Random 0.35 6
20 LD RT Random 0.12 0.26 55 10
800 °C/1h 40 LD RT Random 0.4
FA (Ar)

cavities when implanted in $%. Recently, great interest has were cleaned and etched to remove the native oxide and
developed toward the applications of these cavities in the Sather impurities from the surface by using 10% HF acid. The
technology. It has been demonstrated that He filled cavitiegnplantations were performed using the 500 keV ion implan-
act as powerful gettering centers of transition met&i&>In  tor of the IF-UFRGS. The random and channeling implanta-
particular, binding of Cu on the void internal surface hastion were performed at 40 keV witkh=0.8x 10'He"/cn?
been intensively studied by Myers and Follsta€dvletals at  [low dose(LD)] or 3.5x 10'® He*/cn? [high dose(HD)] at
low concentration are chemisorbed on the walls of the caviboth: room temperatur@RT) or at 350 °C[high temperature
ties. According to these authors, the binding energy for CUHT)]. In random conditions two more RT experiments were
on void internal surface is 2.22 eV. Moreover, Myers andperformed: the first at 40 keV withp=0.5x 10*®at/cn?
Follstaedt® have also calculated the solution concentrationthreshold dos¢TD)] and the second at 20 keV, with LD.
after gettering of Cu by cavities. Cavity layers are able to  For the channeling implants the Si wafers were aligned
reduce the impurity concentration by two orders of magni-using a 500 keV He beam with an angular divergence of the
tude below the threshold for silicide precipitation. This is aorder of 0.03°. The samples were mounted on a three-axis
result worth noting taking into consideration that the roadgoniometer with a precision of 0.005°. The backscattered
map for silicon device fabricatidhimposes levels for metal particles were detected by a surfacéL8i detector placed at
impurity concentration lower than the solid solubility which 170° with respect to the beam direction. The overall resolu-
makes the metal gettering methods based on metal precipitéion of the detecting system was about 13 keV. When the HT
tion no longer usable. channel implants were performed we proceeded as follows.
In this work we extend th&,/2-defect-related studies to First the sample was RT aligned into(B)0) direction, then
the case of low defect production induced by the implantathe goniometer was heated, and finally the alignment of the
tion conditions: light ion implanted at low energies in ran- sample was checked again.
dom or channel direction. Under this last condition the im-  The implantation damage was annealed either by rapid
plantation damage is further reduced by almost one order ghermal annealingRTA) at 800 °C for 10 min or by furnace
magnitude. Then, we present the results related tdRff2  annealing(FA) at 800°C for 1 h in an Arambient. All
effect observed in CZ-Si after Heion implantation and an-  samples were contaminated with Cu by implantation at 20
nealing under a wide variety of experimental conditions.key, 1x 102 Cu*/cn? on the backside of the Si wafers in
Namely:(a) random as well as channeling implantation into order to study the gettering of Cu atoms at the defect layer.
Si(100 channel direction(b) different implantation condi- The redistribution of Cu throughout the sample bulk was
tions of fluence and energyc) high temperatur¢350°Q or  done either simultaneously with the damage annealing or
room temperaturéRT) implantation and for a variety of an-  subsequently by implantation and redistribution of Cu using
nealing cycles and ways of introducing and redistributing they second thermal treatment at 700 °C for 3 min. A summary
Cu into the samples. of the implantation and annealing conditions is given in
Some results concerning 40 keV Hep=0.8x10®  Taple I.
He"/cm? ion implantation into the channeling direction were  The depth distribution of the equivalent of displaced sili-
previously published! They are presently included for com- con atoms was analyzed by Rutherford backscattering/
pleteness. channeling spectromet§RBS/Q with a 1.2 MeV Hé beam
aligned to the100) crystal direction. The distribution of the
He content was investigated by elastic recoil detection analy-
In the present experimemttype (100) oriented CZ-Si  ses (ERDA) technique, using a 10 MeVC beam. The
wafers with a resistivity of 3—%lcm were used. The samples samples were tilted 73.5° and the detector placed at 28° with

Il. EXPERIMENT
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FIG. 1. (@) SIMS Cu depth profile for the sample implanted at 40 keV, Depth
8Xx10®He"/cn?, RT, channeling direction, contaminated by 1 L

X 102 Cu*/cn? after 800 °C/10 min RTA. The SIMS profile is combined
with a XTEM bright field micrograph of the same samgla). The sample is
the same as iffi@) but implanted at HT.

FIG. 2. (a) SIMS Cu depth profile for the sample implanted at 40 keV, 8
X 10" He™/cn?, RT, random direction, contaminated by 10 Cu*/cn?

after 800 °C/10 min RTA. The SIMS profile is combined with a XTEM
bright field micrograph of the same samplle) The sample is the same as in

. . . . (a) but implanted at HT.
respect to the beam direction. Transmission electron micros-

copy (TEM) analyses were applied at cross-sectioned and

plan view samples using a Philips EM 300 microscope. The.,,
Cu distribution was measured by secondary ion mass Speﬁhpl
trometry (SIMS).

pared with the one obtained in tRg region for the RT
ant. This feature correlates with previous observations
which demonstrate that under high temperature implantation
the center of the He cavity layer is formed noRgtbut close

IIl. RESULTS AND DISCUSSION to the maximum of the damage distribution induced by the
A. Low dose results ion implantatior’®

A careful investigation of the TEM results reveals quite
different microstructural features in both samplE®gs. 1a)

In order to reduce the implantation-induced damage irand ib)). After annealing, the RT Heimplantation leads to
the Ry/2 region we performed channeling implantation into a well-defined bimodal He cavity distribution, characterized
the (100 Si channel. by a population of large cavities with a mean diameter of 25

In Fig. 1(a) the Cu distributions are shown for the chan- nm and a distribution of a smaller ones with a mean diameter
nel implantation performed at RT together with the corre-of 10 nm. The depth position of the cavity layer correlates
sponding cross-sectional transmission electron microscopyith the Cu peak aR, in the corresponding SIMS profile.
(XTEM) micrographs. The existence of two Cu peaks isOur TEM investigations do not reveal the existence of any
clearly visible in the SIMS spectra in Fig(a. The first one  extended defect structure in the vicinity of the shallower Cu
is located at=250 nm and the second one-a600 nm. The  peak, which corresponds to tiiR,/2 region. On the other
deeper peak is situated at the region of the" Hieojected  hand, the HT Hé implantation leads to a single mode He
range in agreement with th®ARLOWE code predictions cavity distribution with a mean diameter of 9 nm. Both mi-
(R,=510nm)‘* No evidence of Cu precipitation was ob- crographs also show dislocation loops emerging from the
served. The Cu gettering in this region is consistent withcavity structures.
what is known about the metal impurity gettering behavior of
cavities in He implanted St° The shallower Cu peak cor-
responds to the one described in the literature asRii@
distribution®~’ The Cu distribution for the RT random implant together

Figure 1b) shows the Cu depth distribution for the with the corresponding XTEM micrograph are shown in Fig.
350 °C implant together with the corresponding XTEM mi- 2(a). The existence of two Cu peaks is clearly indicated in
crograph. As can be clearly observed, the SIMS spectrurthe SIMS data. The first one is located=200 nm and the
shows only one Cu peak with a maximum situated=d50 second one at=370 nm. The deeper peak is situated at the
nm. This maximum is slightly shifted towards the surface agegion of the Hé projected range as deduced from the

1. Channeling implantation

2. Random implantation
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FIG. 3. RBS/C spectra from the samples implanted to the fluences of 8

X 10" He* /cn? at RT channelingopen squargsand randontsolid circles 5]
direction compared with the same samples implanted at HT channeling "?g 10
(open circles and random(starg direction. The spectrum from an unim- ).
planted samplésolid triangle$ provides a scale for the minimum damage _5 17 ]
level detected in the RBS/C measurements ‘@' 10

8

5 10"
(TRIM) code range calculation®Rg=375nm)?! As in the 2
case of channeling implantation the shallower Cu peak can © 10"

be ascribed aR,/2 gettering peak.

Figure 2b) shows the Cu depth distribution for the
350 °C implant together with the corresponding XTEM mi-
crograph. In this case only one Cu peak situate¢t250 nm  FIG. 4. (a) SIMS Cu depth profile for the sample implanted at 40 keV,
can be observed. On the other hand, the TEM micrograph$5x10'°He/cn?, RT, channeling direction, contaminated by 1

; ; . " X 102 Cu*/cn? after 800 °C/10 min RTA. The SIMS profile is combined
ShOW a .damage. Iayer ”.1 tlf% region cointalnlng cavities and with a XTEM bright field micrograph of the same samgl®. The sample is
d|slpcat|ons while no visible damage is observed atRBR  {he same as ife) but implanted at HT.
region. These features agree with what was observed when
the He was HT channel implanted.

> 3 M
00 01 02 03 04 05 06 07 08
Depth, um

RT implant the RBS/C measurements show that the implan-
tation process leaves a damage that goes from the near sur-
face up to theR, region. The subsequent thermal treatment
The TEM observations can be compared with the result@nneals out most of the damage in particular at the shallower
of the RBS/C measurements. The RBS/C spectra correspongkgion of the sample. This statement is supported by the
ing to the random RT(solid circleg, random HT(star,  TEM observations performed after the thermal anneal which
channeling RTlopen squargschanneling HT(open circles  show the existence of extended defects only aRfesgion.
He implants before the thermal annealing, together with the  The results of the RBS/C measurements for the channel-
spectrum corresponding to the nonimplanted saniptéid  ing implanted samples mirror the results obtained for the
triangles are shown in Fig. 3. random implantatioriFig. 3. The only difference is that the
Comparing the RBS/C spectrum for the HT random im-obtained spectra are slightly shifted in depth®%00 nm as
planted sample with the nonimplanted one it can be observeg consequence of the channeling implantation conditions.

that up to a depth of~250 nm there is a small difference These results are in full agreement with the TEM observa-
between both of them. For a depth above 250 nm the dechafions.

neling yield of the spectra corresponding to the HT implant

increases significantly. This feature is correlated with thes High dose results

nucleation and growth of the He cavities in the as-implanted o )

sample, as revealed by TEMot shown. On the other hand, - Channeling implantation

the RBS/C spectrum corresponding to the random RT im-  In Fig. 4 Cu distributions are shown for the implantation

plant shows larger yield in the near-surface region as comperformed at RT(Fig. 4(a)) and 350 °C(Fig. 4(b)) together

pared to the one corresponding to the nonimplanted samplgith the corresponding TEM micrographs. The SIMS profile

Near the surface the minimum channeling yield yg;, obtained for the RT implant indicates the existence of one

=6% (compared to the virgin sample,,,=4%) and goes peak at 500 nm, a shoulder around 400 nm, and a broad Cu

up to xmin=8% at theR, region. After performing the an- distribution centered at around 250 nm which can be charac-

nealing, the RBS/C spectra of both RT and HT samples showerized as &R,/2 peak. Comparing Figs.(é and 1a), one

in the R,/2 region no difference when compared with the can observe that thR, peak in the present case is broader

nonimplanted one. than the one obtained for the LD implant. It correlates with
The above measurements indicate that the HT implanthe cavity layer aR, which for the HD[Fig. 4@)] has much

does not induce any sizable damage inRy€2 region which  higher cavity concentration than for the L[Big. 1(a)]. For

is in agreement with the TEM observations. Concerning thehe HD implant the distribution of the cavities in ti®,

3. RBS/C measurements for LD impants
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region is inhomogeneous. Their concentration is higher at the
deeper border of the defect layer. We suggest that this is the
reason for the asymmetrical shape of the Cu profilRain

Fig. 4(a). No extended defects are observed in the vicinity of
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the R,/2 peak as in the case of LD implantatififig. 1(a)]. 16
On the other hand, the Cu depth profile obtained after 10°] e 21 :g, ;’E‘;’;‘“ed W%
the HT He implant shows the existence of only one peak that v AT LD. random ER S
goes from 600 nm down to the 100 nm depth with the maxi- 10" —*—RT__LD, channelled v
mum around 400 nm. The TEM micrograph shows atRhe 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

region a buried defect layer containing dislocations and cavi- Reduced depth

ties with mean diameter abo.Ut 15 nm Sl.lghtly larger than th%:IG. 5. Normalized SIMS Cu depth profiles vs the reduced depth of the RT

one for the RT temperature implant which is about 13 NnM. impjants: HD random(open circles HD channeling(straight ling, LD
The RBS/C measurements in the as-implanted and anandom(solid triangle, LD channeling(stars.

nealed samples of the HT and RT implants indicatet

shown hergsimilar behavior to the one observed for the LD . ) . .

implants. Only in the case of the as-implanted RT sample the 't IS rémarkable that all the HT implants display a single

backscattering yield is slightly increased in tRg/2 region Cu peak located &,,. This feature is seen in Fig. 6, which
(xmn=6% for the as-implanted RT sample versys; shows the normalized Cu concentration versus the reduced
min n

=4% for the unimplanted opeHT as-implanted and an- depth for both fluences and implantation directions. For all

nealed samples do not show any measurable disorder H}¢ HT implants a similar shape of tii¢, gettering peak is
R,/2. observed.

3. ERDA results
2. Random implantation We have performed ERDA measurements for all HD

Random implantations were performed, for both RT andHe+-impIanted samples. Here one example is presented and
HT conditions. The comparison of the TEM, SIMS ang the similarities and the differences with all the implants are
RBS/C results of random and channeling implants showdurther discussed. _ ,
similar characteristics. The random implants have the same " Fig: 7 the ERDA spectra are displayed corresponding

features being present only shallower, about 100 nm com© the RT and HT implants in the as-implantetgj7and

pared to the channeling implantation spectnat shown. annealed state(d). The measured He concentration profiles
The TEM analyses reveal cavities and dislocations located 4p" the as-implanted sample#ig. 7(a)] show a different

R while no defects are observed in tRe/2 region. The Cu behavior for each implantation condition. The He concentra-
SIMS profile consist of two peaks located arouRg/2 and tion peak for the RT implanted sample is deeper as compared

Re. The defect layer observed by TEM coincides with thel© @ MARLOWE prediction. On the other hand, the HT im-
deeper peak of the Cu SIMS profile. The depth positions oplanted He dlstnbut!on is Iocat_ed at the region where_ the
the Cu peaks measured by SIMS are given in Table I. Th&ARLOWE code predict the maximum production of the im-
RBS/C measurements do not show any measurable disordefantation damage. The shi#=50 nm of the He concentra-
atRp/2 in the HT as-implanted and in the annealed sampledion Profile indicates that, depending on the implantation
Only the RT as-implanted sample reveals slightly highertemperature, distinct cavity nucleation mechanism takes

backscattering yield in thRp/2 region compared to the spec- Place. If the temperature of the sample during the implanta-
trum obtained from the virgin sampleymin=6% VS Xmin tion is high enough, then the He mgblllty is enhanced. Thg
—4%). He vacancy reaction rate could be increased and the cavity

Comparing the Cu profiles of the results presented abov{_{,)rmatlon takes place at the region of the maximum produc-
one can see that the RT implants show a double peak struion of the damage.
ture for the LD and HD samples implanted at random or
channeling direction. This feature can be deduced from the
observation of Fig. 5. In the figure are displayed the Cu
concentration depth profiles according to reduced depth
(x/Rp) and concentration variables. The normalization has
been achieved by scaling the concentration value and the
depth position of the highest peak of each spectrum. On the
other hand, when compared with LD and HD implants dif-
ferent features can be observed. The LD implanted sample
shows two different Cu regions corresponding Rg and
Rp/2. At variance the Cu profile of the HD implant has three 04 06 08 10 12 14
distinct regions: one in th&, region corresponding to get- Reduced depth

tering on the larger cavities; a shoulder, which indicates getI-:IG. 6. Normalized SIMS Cu depth profiles vs the reduced depth of the HT

tering on the small bUbble_S’ and a less pronounced peak COiplants: HD random(open circles HD channeling(stars, LD random
responding to tth/Z region. (straight ling, LD channeling(solid triangles.
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8 0.4 bright field micrograph of the same sample.
S 0.2
© e _ N the present ones: He40 keV ¢=0.5x 10'*He* /cn?. After

0'02'.0 25 30 35 40 45 50 55 6.0 annealing, the TEM observations indicate—see Fig. 8—the

Depth, pm existence of a He induced cavity layer locatedRgt This

. . : result is at variance with previous published repdrt8
FIG. 7. (a) He concentration depth profiles from the as-implanted samples at . .
40 keV, 3.5¢ 101 He*/en?, channeling direction at Ristraight ling and where no cavities were found after furnace thermal annealing
HT (dotted ling evaluated by ERDA(b) the samples are the same agan ~ between 700 and 1000 °C. The authors of Refs. 18 and 19
but annealed at 800 °C/10 min. assume that, if the cavities are not formed in the as-

implanted sample, they cannot form during a subsequent

high temperature annealing. However, we suggest that the

An inspection of the results after the annealing at 800 °Cynnealing parameter@nnealing ambient and the tempera-
for 10 min [Fig. 7(b)] reveals that the RT implanted sample (e ramp upcould be important for the formation of the He

has lost about 80% of the He original as implanted content.,ities. While RTA with a heating rate of about 20 °C/s
On the other hand, the HT implanted sample lost about 90%ger Ar ambient was performed in our study, furnace an-

of the He conteqt. These values are i'n agreement with thﬁealing in high vacuum was used by the abovementioned
results reported in Ref. 22. Both distributions become nary ,ihors. Further experiments are needed to clarify the influ-

rower and shift toward the surface. The maximum of the Hegnce of the annealing on the He cavity nucleation and evo-
concentration profile corresponds to the depth where the caygiion.

ity layer is observed by means of TEM. The present results

show th_at a measurable amount of He is stiII_ present withiny | oo energy results

the cavity layer even after the 800 °C annealing. _ _ _
The ERDA spectra of all the HD He channel implants ~ Twenty keV He was implanted at RT in random direc-

show the same characteristics as described above. Only thién with ¢=0.8x 10'°at/cnf. In Fig. 9 the Cu distribution

channel He spectra is shifted toward the bulk. This agreel shown together with the corresponding TEM micrograph.
with the RBS/C measurements. The SIMS measurements show the existence of two Cu

C. Threshold dose results

He" ions were implanted into Si at 40 keV with
=0.5x10%at/cn? at RT in random direction. In Fig. 8 the
Cu distribution is shown together with the corresponding
TEM micrograph. The Cu depth profile shows a single peak
located in theR, region with no indication of Cu trapping at
the R,/2 vicinity. This feature is interesting enough because
it indicates a threshold fluence for tRg/2 effect induced by
He implantation. From the present results it can be con-
cluded that this threshold fluence is between 0.5 and 0.8 10" 4= 5 :

X 10*at/cnt. 00 0.1 02 03 04

TEM observations of the sample in the as-implanted Depth, pm
state(not shown hergindicate that after the He implantation _ _
there is no cavity formation. The Igst finding is in agreemenlf< 'f(')lfHe§'/"é':1zlC;T’dre;rfzo’:oé'i'r‘z;ci’gnt’hsoi‘t"‘;r‘npi'neat'g';p'tigtfglfguf?cﬁgv’ 8
with previously published resulf§'® where the authors re- asier 800 °C/10 min RTA. The SIMS profile is combined with a XTEM
port data on implantations done under the same conditions agight field micrograph of the same sample.

—_

-

3 -3
Cu concentration, cm
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peaks. The first is located at 240 nm, that is inferegion,  tion and recombination during ion implantation and subse-
and the second at about 120 nm, which corresponds to thguent annealing for the case of MeV implantation of heavier

Rp/2 vicinity. The TEM micrograph shows the existence of jons and for the case of keV implantation of He at random
dislocations and cavities around tRg region but no indica-  djrection.

tion of extended defects in tHe,/2 region as for all results o o
discussed above. The use of lower energy is a particular e Predictions from ballistic models
periment to clear of the influence of the prOXimity of the For the MeV imp|antati0n of heavy ionS, t}‘%/z get_

surface to the defects &/2. Experimental observations on tering effect is attributed to the formation of excess vacan-
the point defect diffusion show that both interstitials and va-gjes at the R./2 region. According to binary collision

cancies exhibit migration interrupted by trapping at 'mpu”'calculations5,'6’g6'27excess vacancies are formed because of

ties (C,O) "’“?d dopa_nt ato_n_w@. The_ above study presents the spatial separation of point defects due to the nonzero
results showing the interstitials being faster than the vacanr-nomentum component of the displaced Si atoms into the
cies. It is estimated that the trap-limited diffusion length of P P

the vacancies in the CZ materialith O concentration-3 beam dirgction.. .In fath t_he_assum_ption of a_completg local
X 10'8C m2) is ~0.1 um .25 Hence it is expected that part of vacancy—|n_terst|t|al anmhﬂau_on during annealing leadg(ito:
the excess vacancies in tRe/2 region produced by the 20 the formation of a vacancy-rich layer from the surface nearly
keV implant could recombine either at the surface or with thelP to Ry and (ii) the formation of an interstitial-rich region
excess interstitials in th&p region (note that the distance slightly extended beyond the, depth(with the maximum
between theRp/2 gettering peak and the surface in Fig. 9 isconcentration of excess interstitials at aboutR,2 In low-
~0.1 um). The well pronounced double peak structure in theenergy implants, these two regions are expected to react with
SIMS Cu profile observed for the 20 keV implant is similar each other to leave only excess interstitials but at higher
to the one measured for 40 keV impldfig. 2a)]. It can be  energies, the effect of the vacancy-rich region is expected to
concluded that no remarkable defect recombination at thge pronounced_ One typ|ca| examp|e for imp|antati0n condi-
surface is observed. This means that the proximity of thjons used in order to obtaiR,/2 effect in the high-energy
surface does npt play a ;lgnlflcant role for the appearance %planted and annealed Si is 3.5 MeV self-ion
the R/2 gettering effect in the frame of the used 'mplanta'implantation7'1°'11We will compare the excess vacancy pro-

tion and annealing conditions. duction for this well investigated case with the low-energy
implantations reported in this work. For 3.5 MeV'Sandom
implant into Si, TRIM/98 calculations provide a ratio of
(@ The Ry/2 effect of Cu in 40 keV Hé RT implanted  0.182 excess vacancies per implanted i8h located within
Si samples has not been observed for long annealing timethe surface and th®, depth. The same calculations per-
i.e., 1 hat 800 °C. In this case Cu gettering was found only aformed for 40 keV Hé implant into Si result in an amount of
theR, region(not shown. This means that the defects acting 9.015 excess vacancies per implanted” Hien. Hence, the
as gettering siFes &,/2 have been removed during the pro- gycess vacancy generation per implanted ite at theR,/2
longed annealing cycle. _ region is more than ten times lower than for the MeV Si
(b) The Cu gettering has been_ found to be mdependerﬁnplant However, it is important to note that the vacancy-
of the way of introducing Cg, simultaneously  or SUbse'rich region produced by the 3.5 MeV Sions extends from
quently to the damage annealing. the surface to the deptty;~2.25um. In contrast, the corre-

In Table | we have summarized all the results of the di ion for the 40 keV Heandom imol d
present experiment. There are quoted for each implantatio?ﬁpon ing region for the eV Heandom implant extends

and annealing conditions the peak positions of the correffom the surface to the deptk.e~0.35um. As a conse-
sponding Cu depth profile as obtained from SIMS experi-duence, the average number of excess vacancies for the Si
ments. In addition, we also show the characteristics of th@nd He cases areg==8.1X10"° excess-vacancies/ion/A
damage, the region where it is located, as well as the mea@nd ay,=4.3X10"° excess-vacancies/ion/A, which renders

E. Additional experimental findings

size of the He cavities. a ratio aye/ ag=~0.5. In addition, the corresponding excess
vacancy ratio for the channel He implantsd§y/ as~0.1.
IV. MODELING Considering the typical implanted fluences @f5~0.5

X 10*%cm™2 and ¢~ 0.8x 10*°cm ™2 one obtains a ratio for
the effective excess vacancy concentration  of
sons for the appearance of tRg/2 effect generated by He tedbyiel asibs~0.8 for the random implant case and of

implants.
P aePrel asipsi~0.16 for the channel one. However, for the

The appearance of a Cu peak in fRg/2 region can be 06 crr-2 .
taken as an indication of the existence of small defect com{lu€nce 0f¢e~0.5x10"cm  “ where noR,/2 gettering ap-

plexes acting as gettering centers for Cu. It is possible that€ars(see Sec. Il g, the estimated ratio ispedre/ asidsi
these complexes or their precursors are formed by the in=0.5, @ value well within the range where tRg/2 effect is
plantation and are not removed by the RTA thermal procesgredicted according to the above reasoning. Hence, we are
From this point of view, the present results are quite similaforced to conclude that the above ballistic arguments cannot
to the previous ones, which have shown Rg2 effect in-  provide a complete consistent explanation for the present
duced by MeV implants. We will compare the defect produc-observations of th&,/2 gettering effect in He implanted Si.

In the following section we will discuss the possible rea-
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B. Processes which take place during annealing value is five times lower than the one calculated for the cor-

Here is the point where one significant difference be_responding RT_impIan{secsa Fi% P_a)] for which the to';al
tween the Si implant and the He implant must be taken int¢2VIY volume is~2x 101. cm (d|scusseq at_)O\)re Th|s .
consideration: the defect structure in tRg region after an- confirms the enhanced point defect recombination during im-

nealing. In the case of Si implantation tRg region consists plantation in the case of the HT implant which results in less

. . . . " nonrecombined vacancies trapped in the cavities and less
of extended defect@islocation loopswith pure interstitial nonrecombined interstitials may be present in the HT im-

character. The excess silicon interstitials generated during thq . ;
) ] . ) . . . anted samples compared with the RT implanted ones.
implantation process in this region plus the implanted |on§3

themselves form these defects. Concerning the He implanta-

tion one has also to take into account the cavity formationV. SUMMARY
and evolution. He atoms are known to be trapped by diva-
cancies stabilizing them and favoring their evolution into

more complex He—V clusters during anneal?ﬁﬁ‘?_Tm; € andR,/2 region during annealing at relatively high tempera-
sult_s in accumulation and stablllz_anon of vacancies |_n_Rt;e tures. TheR,/2 effect was found to be independent of the
region contrary to what happens in the case of the Siimplanfyyjantation conditions: random ¢t00) channeled one, but
The silicon atoms displaced during the implantation diffuse;; strongly depends on the implantation temperature. When-
during the annealing. They are trapped in the radiation damayer He was implanted at RT, tii/2 effect was observed.
age close to the cavities and at the silicon surface. Recenjowever, HT implants led to the disappearance of the Cu
studies report on the measurable recombination of the Sleak in theR /2 region. This feature is attributed to damage
atoms at the surface after annealing at temperatures betweggtombination in theR,/2 region during the implantation.
200 and 1200°C**° The number of the silicon atoms It was also found that a threshold He fluence (0.6
trapped at the surface is slightly lower than the number of thex 10'°< ¢<0.8x 10*%at/cn?) is necessary for the appear-
vacancies trapped in the caviti€sThis missing silicon at- ance of a gettering layer &,/2. On the other hand, we have
oms are supposed to form the dislocations around the cavshown that the proximity of the surface does not play a sig-
ties atRp. It cannot be excluded that a part of the missingnificant role in the appearance of tﬁ%/Z gettering.
silicon atoms also contribute to the Cu getteringRgl2. On The He implantation induceR,/2 effect was discussed
the other hand, small vacancy clusters not visible by TEMon the basis of the radiation-induced defects, or in connec-
could also be gettering sides B}/2. Such small vacancy tion with the point defect fluxes associated with the forma-
clusters can be stabilized by the He and be present in thgon of the He cavities. It was shown that the ballistic con-
samples even after annealing to the temperature as high a&lerations alone cannot provide consistent predictions for
850 °C3° Recently gettering of Au was also detected in thethe Rp/2 gettering effect at variance with the results obtained
R,/2 region of He implanted Si wafef$.This fact supports  for medium-light ions (6<Z;<32) MeV implanted into Si.
the idea of small vacancy clusters being the gettering sides & the present case, He leads to a different defect evolution
Ry/2. during annealing compared to the case of MeV implantation
The excess vacancy model discussed above predictd heavier ions. The appearance of Rg2 effect seems to
1.5x10*cm 2 excess vacancies in the,/2 region for the  depend either on the formation of He cavities, which trigger
case of He implant to the fluence of X80*cm™2. Using  the absorption of vacancies and/or the emission of self-
the TEM analyses we estimate that in this case the number d@fiterstitial atoms from thé?;, region, or on the stabilization
vacancies trapped in the cavitiesRy is ~2X 10%cm™2 a  of vacancy clusters at th,/2 region by the He atoms re-
number which is one order of magnitude higher than thdeased from the cavities during the annealing processes. This
number of the calculated excess vacancies. Hence the equagsumption is also confirmed by the fact that RT channel or
number of displaced Si atoms was generated and not recorf@ndom implantation led to thR,/2 effect irrespective of the
bined with vacancies during the annealing. This means thaifferent amount of damage that they cause atRye re-
local defect recombination is incomplete under our annealin@!on.
conditions. Therefore, both types of small defect clusters,
interstitial and vacancy type, potentially may existRf2 ~ ACKNOWLEDGMENTS
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