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Gettering of copper in silicon at half of the projected ion range induced
by helium implantation
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~Received 12 February 2001; accepted for publication 17 September 2001!

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 fluence (531015– 331016cm22), implantation
temperature~room temperature or 350 °C!, and implantation conditions~random or channel
implants!. Upon postimplantation annealing at 800 °C for 600 s, in addition to the gettering at the
projected range (Rp) region, the room temperature implanted samples also present Cu gettering in
a region corresponding to the half of the projected range (Rp/2) depth. Also a threshold fluence
(F'731015at/cm2) was determined for the appearance of theRp/2 effect. In contrast, for the
350 °C implants, the Cu impurities are detected only close to theRp region where the He induced
cavities are formed. The gettering effect atRp/2 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 Physics.@DOI: 10.1063/1.1418005#
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I. INTRODUCTION

Metal impurities can dramatically degrade the dev
properties in Si even when they are present at quite sm
concentrations below 1012cm23.1 High-energy ion implanta-
tion is being increasingly recognized as a promising met
of achieving impurity gettering in Si. In the so-called ‘‘prox
imity gettering’’ technique a gettering layer is formed in th
bulk of the Si wafer near the active device area by mean
ion implantation and annealing.2 The gettering layer collects
unwanted metal impurities, thus reducing their concentra
in the active device region. This process has been extens
studied in view of its potential application in advanced lar
scale integration technology.3 The capture of metal impuri
ties in MeV implanted Si has been detected by secondary
mass spectrometry~SIMS! at the depth corresponding to th
projected range,Rp , of the implanted ions, where a burie
layer of extended lattice defects can be observed by tr
mission electron microscopy~TEM!. However, in addition to
the gettering atRp , the trapping of metals at theRp/2 region
has also been detected for MeV ion implanted Si in
1015at/cm2 fluence range, after thermal annealing in t
700–1000 °C temperature interval. This phenomenon, ca
‘‘the Rp/2 gettering effect’’ was first observed by Tamur
Ando, and Ohya4 by studying the gettering of O in czochra
ski ~CZ! Si after MeV implantation of a variety of ions, suc
as C, F, Si, Ge, and As. TheRp/2 gettering effect is nowa

a!Author to whom correspondence should be addressed; electronic
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days attributed to small vacancy-type defect clusters not
ible in TEM images. The vacancy-rich region arises beca
of the slight displacement between the vacancy and inte
tial generated in a high-energy knock on, as suggested
atomistic simulations.5,6 The assumption of complete loca
point defect recombination~after the annealing! leads to a
local vacancy excess at the near-surface region and an i
stitial excess towards theRP of the implant. The existence o
defects atRP/2 can be verified experimentally in most cas
only by means of the impurity decoration method. Oxygen
well as the transition metals are very efficiently trapped
the RP/2 region.5–7 The supersaturation of vacancies can
monitored by the transient enhanced diffusion~TED! of Sb
spikes. On the other hand, the TED of B in the same reg
indicates supersaturation of self-interstitials there.8 The con-
ventional variable-energy positron annihilation spectrosco
~PAS! was used to investigate the depth distribution
vacancy-type defects in the samples revealing metal ge
ing at RP/2.9–11 The data for the samples annealed at te
peratures between 800 and 1000 °C~typical annealing tem-
peratures in theRp/2 effect studies! do not show the
existence of vacancy-type defects. This means therefore,
the concentration of residual open volume defects is be
the sensitivity of the PAS technique which was applie
However, other PAS investigations using low positron en
gies, combined with a stepwise removing of the surface
order to obtain high-resolution defect-depth profiling, sho
the presence of open volume defects in theRP/2 region.11

Irradiation of Si with light ions has also been studied f
many years. In particular, He is known to agglomerate i
il:
© 2002 American Institute of Physics
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TABLE I. Depth of theRp/2 andRp peak positions and the cavity mean diameter for each implantation
annealing condition.

Anneal
Energy
~keV!

Fluence
~cm22!

IT
~°C!

Impl.
Direction

Depth of
Rp/2 peak
position
~mm!

Depth of
Rp peak
position
~mm!

Cavity
mean

diameter
~nm!

800 °C
10 min

40 TD RT Random 0.38 5 12

RTA ~Ar! LD RT Channeling 0.25 0.5 5 12.5
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 5.5 10
800 °C/1h
FA ~Ar!

40 LD RT Random 0.4
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cavities when implanted in Si.12 Recently, great interest ha
developed toward the applications of these cavities in the
technology. It has been demonstrated that He filled cavi
act as powerful gettering centers of transition metals.13–15 In
particular, binding of Cu on the void internal surface h
been intensively studied by Myers and Follstaedt.13 Metals at
low concentration are chemisorbed on the walls of the ca
ties. According to these authors, the binding energy for
on void internal surface is 2.22 eV. Moreover, Myers a
Follstaedt13 have also calculated the solution concentrat
after gettering of Cu by cavities. Cavity layers are able
reduce the impurity concentration by two orders of mag
tude below the threshold for silicide precipitation. This is
result worth noting taking into consideration that the ro
map for silicon device fabrication16 imposes levels for meta
impurity concentration lower than the solid solubility whic
makes the metal gettering methods based on metal preci
tion no longer usable.

In this work we extend theRp/2-defect-related studies t
the case of low defect production induced by the implan
tion conditions: light ion implanted at low energies in ra
dom or channel direction. Under this last condition the i
plantation damage is further reduced by almost one orde
magnitude. Then, we present the results related to theRp/2
effect observed in CZ-Si after He1-ion implantation and an-
nealing under a wide variety of experimental condition
Namely: ~a! random as well as channeling implantation in
Si~100! channel direction;~b! different implantation condi-
tions of fluence and energy;~c! high temperature~350 °C! or
room temperature~RT! implantation and for a variety of an
nealing cycles and ways of introducing and redistributing
Cu into the samples.

Some results concerning 40 keV He18f50.831016

He1/cm2 ion implantation into the channeling direction we
previously published.17 They are presently included for com
pleteness.

II. EXPERIMENT

In the present experimentn-type ~100! oriented CZ-Si
wafers with a resistivity of 3–5Vcm were used. The sample
s indicated in the article. Reuse of AIP content is sub
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were cleaned and etched to remove the native oxide
other impurities from the surface by using 10% HF acid. T
implantations were performed using the 500 keV ion impla
tor of the IF-UFRGS. The random and channeling implan
tion were performed at 40 keV withf50.831016He1/cm2

@low dose~LD!# or 3.531016 He1/cm2 @high dose~HD!# at
both: room temperature~RT! or at 350 °C@high temperature
~HT!#. In random conditions two more RT experiments we
performed: the first at 40 keV withf50.531016at/cm2

@threshold dose~TD!# and the second at 20 keV, with LD.
For the channeling implants the Si wafers were align

using a 500 keV He beam with an angular divergence of
order of 0.03°. The samples were mounted on a three-
goniometer with a precision of 0.005°. The backscatte
particles were detected by a surface Si~Li ! detector placed a
170° with respect to the beam direction. The overall reso
tion of the detecting system was about 13 keV. When the
channel implants were performed we proceeded as follo
First the sample was RT aligned into Si~100! direction, then
the goniometer was heated, and finally the alignment of
sample was checked again.

The implantation damage was annealed either by ra
thermal annealing~RTA! at 800 °C for 10 min or by furnace
annealing~FA! at 800 °C for 1 h in an Arambient. All
samples were contaminated with Cu by implantation at
keV, 131012 Cu1/cm2 on the backside of the Si wafers i
order to study the gettering of Cu atoms at the defect la
The redistribution of Cu throughout the sample bulk w
done either simultaneously with the damage annealing
subsequently by implantation and redistribution of Cu us
a second thermal treatment at 700 °C for 3 min. A summ
of the implantation and annealing conditions is given
Table I.

The depth distribution of the equivalent of displaced s
con atoms was analyzed by Rutherford backscatter
channeling spectrometry~RBS/C! with a 1.2 MeV He1 beam
aligned to the~100! crystal direction. The distribution of the
He content was investigated by elastic recoil detection an
ses ~ERDA! technique, using a 10 MeVC41 beam. The
samples were tilted 73.5° and the detector placed at 28° w
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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respect to the beam direction. Transmission electron mic
copy ~TEM! analyses were applied at cross-sectioned
plan view samples using a Philips EM 300 microscope. T
Cu distribution was measured by secondary ion mass s
trometry ~SIMS!.

III. RESULTS AND DISCUSSION

A. Low dose results

1. Channeling implantation

In order to reduce the implantation-induced damage
the Rp/2 region we performed channeling implantation in
the ~100! Si channel.

In Fig. 1~a! the Cu distributions are shown for the cha
nel implantation performed at RT together with the cor
sponding cross-sectional transmission electron microsc
~XTEM! micrographs. The existence of two Cu peaks
clearly visible in the SIMS spectra in Fig. 1~a!. The first one
is located at>250 nm and the second one at'500 nm. The
deeper peak is situated at the region of the He1 projected
range in agreement with theMARLOWE code predictions
(Rp5510 nm).18 No evidence of Cu precipitation was ob
served. The Cu gettering in this region is consistent w
what is known about the metal impurity gettering behavior
cavities in He1 implanted Si.19 The shallower Cu peak cor
responds to the one described in the literature as theRp/2
distribution.4–7

Figure 1~b! shows the Cu depth distribution for th
350 °C implant together with the corresponding XTEM m
crograph. As can be clearly observed, the SIMS spect
shows only one Cu peak with a maximum situated at'450
nm. This maximum is slightly shifted towards the surface

FIG. 1. ~a! SIMS Cu depth profile for the sample implanted at 40 ke
831015 He1/cm2, RT, channeling direction, contaminated by
31012 Cu1/cm2 after 800 °C/10 min RTA. The SIMS profile is combine
with a XTEM bright field micrograph of the same sample.~b! The sample is
the same as in~a! but implanted at HT.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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compared with the one obtained in theRp region for the RT
implant. This feature correlates with previous observatio
which demonstrate that under high temperature implanta
the center of the He cavity layer is formed not atRp but close
to the maximum of the damage distribution induced by
ion implantation.20

A careful investigation of the TEM results reveals qu
different microstructural features in both samples~Figs. 1~a!
and 1~b!!. After annealing, the RT He1 implantation leads to
a well-defined bimodal He cavity distribution, characteriz
by a population of large cavities with a mean diameter of
nm and a distribution of a smaller ones with a mean diame
of 10 nm. The depth position of the cavity layer correlat
with the Cu peak atRp in the corresponding SIMS profile
Our TEM investigations do not reveal the existence of a
extended defect structure in the vicinity of the shallower
peak, which corresponds to theRp/2 region. On the other
hand, the HT He1 implantation leads to a single mode H
cavity distribution with a mean diameter of 9 nm. Both m
crographs also show dislocation loops emerging from
cavity structures.

2. Random implantation

The Cu distribution for the RT random implant togeth
with the corresponding XTEM micrograph are shown in F
2~a!. The existence of two Cu peaks is clearly indicated
the SIMS data. The first one is located at>200 nm and the
second one at'370 nm. The deeper peak is situated at t
region of the He1 projected range as deduced from t

FIG. 2. ~a! SIMS Cu depth profile for the sample implanted at 40 keV,
31015 He1/cm2, RT, random direction, contaminated by 131012 Cu1/cm2

after 800 °C/10 min RTA. The SIMS profile is combined with a XTEM
bright field micrograph of the same sample.~b! The sample is the same as i
~a! but implanted at HT.
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~TRIM! code range calculations (Rp5375 nm).21 As in the
case of channeling implantation the shallower Cu peak
be ascribed asRp/2 gettering peak.

Figure 2~b! shows the Cu depth distribution for th
350 °C implant together with the corresponding XTEM m
crograph. In this case only one Cu peak situated at'350 nm
can be observed. On the other hand, the TEM microgra
show a damage layer in theRp region containing cavities an
dislocations while no visible damage is observed at theRp/2
region. These features agree with what was observed w
the He was HT channel implanted.

3. RBSÕC measurements for LD impants

The TEM observations can be compared with the res
of the RBS/C measurements. The RBS/C spectra corresp
ing to the random RT~solid circles!, random HT ~stars!,
channeling RT~open squares!, channeling HT~open circles!
He implants before the thermal annealing, together with
spectrum corresponding to the nonimplanted sample~solid
triangles! are shown in Fig. 3.

Comparing the RBS/C spectrum for the HT random i
planted sample with the nonimplanted one it can be obse
that up to a depth of'250 nm there is a small differenc
between both of them. For a depth above 250 nm the dec
neling yield of the spectra corresponding to the HT impla
increases significantly. This feature is correlated with
nucleation and growth of the He cavities in the as-implan
sample, as revealed by TEM~not shown!. On the other hand
the RBS/C spectrum corresponding to the random RT
plant shows larger yield in the near-surface region as c
pared to the one corresponding to the nonimplanted sam
Near the surface the minimum channeling yield isxmin

56% ~compared to the virgin sample,xmin54%! and goes
up to xmin58% at theRp region. After performing the an
nealing, the RBS/C spectra of both RT and HT samples sh
in the Rp/2 region no difference when compared with t
nonimplanted one.

The above measurements indicate that the HT imp
does not induce any sizable damage in theRp/2 region which
is in agreement with the TEM observations. Concerning

FIG. 3. RBS/C spectra from the samples implanted to the fluences
31015 He1/cm2 at RT channeling~open squares! and random~solid circles!
direction compared with the same samples implanted at HT channe
~open circles! and random~stars! direction. The spectrum from an unim
planted sample~solid triangles! provides a scale for the minimum damag
level detected in the RBS/C measurements
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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RT implant the RBS/C measurements show that the imp
tation process leaves a damage that goes from the near
face up to theRp region. The subsequent thermal treatme
anneals out most of the damage in particular at the shallo
region of the sample. This statement is supported by
TEM observations performed after the thermal anneal wh
show the existence of extended defects only at theRp region.

The results of the RBS/C measurements for the chan
ing implanted samples mirror the results obtained for
random implantation~Fig. 3!. The only difference is that the
obtained spectra are slightly shifted in depth by'100 nm as
a consequence of the channeling implantation conditio
These results are in full agreement with the TEM obser
tions.

B. High dose results

1. Channeling implantation

In Fig. 4 Cu distributions are shown for the implantatio
performed at RT~Fig. 4~a!! and 350 °C~Fig. 4~b!! together
with the corresponding TEM micrographs. The SIMS profi
obtained for the RT implant indicates the existence of o
peak at 500 nm, a shoulder around 400 nm, and a broad
distribution centered at around 250 nm which can be cha
terized as aRp/2 peak. Comparing Figs. 4~a! and 1~a!, one
can observe that theRp peak in the present case is broad
than the one obtained for the LD implant. It correlates w
the cavity layer atRp which for the HD@Fig. 4~a!# has much
higher cavity concentration than for the LD@Fig. 1~a!#. For
the HD implant the distribution of the cavities in theRp

8

g

FIG. 4. ~a! SIMS Cu depth profile for the sample implanted at 40 ke
3.531016 He1/cm2, RT, channeling direction, contaminated by
31012 Cu1/cm2 after 800 °C/10 min RTA. The SIMS profile is combine
with a XTEM bright field micrograph of the same sample.~b! The sample is
the same as in~a! but implanted at HT.
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region is inhomogeneous. Their concentration is higher at
deeper border of the defect layer. We suggest that this is
reason for the asymmetrical shape of the Cu profile atRp in
Fig. 4~a!. No extended defects are observed in the vicinity
the Rp/2 peak as in the case of LD implantation@Fig. 1~a!#.

On the other hand, the Cu depth profile obtained a
the HT He implant shows the existence of only one peak
goes from 600 nm down to the 100 nm depth with the ma
mum around 400 nm. The TEM micrograph shows at theRp

region a buried defect layer containing dislocations and c
ties with mean diameter about 15 nm slightly larger than
one for the RT temperature implant which is about 13 nm

The RBS/C measurements in the as-implanted and
nealed samples of the HT and RT implants indicate~not
shown here! similar behavior to the one observed for the L
implants. Only in the case of the as-implanted RT sample
backscattering yield is slightly increased in theRp/2 region
(xmin56% for the as-implanted RT sample versusxmin

54% for the unimplanted one!. HT as-implanted and an
nealed samples do not show any measurable disorde
Rp/2.

2. Random implantation

Random implantations were performed, for both RT a
HT conditions. The comparison of the TEM, SIMS, an
RBS/C results of random and channeling implants sho
similar characteristics. The random implants have the sa
features being present only shallower, about 100 nm c
pared to the channeling implantation spectra~not shown!.
The TEM analyses reveal cavities and dislocations locate
RP while no defects are observed in theRP/2 region. The Cu
SIMS profile consist of two peaks located aroundRP/2 and
RP . The defect layer observed by TEM coincides with t
deeper peak of the Cu SIMS profile. The depth positions
the Cu peaks measured by SIMS are given in Table I. T
RBS/C measurements do not show any measurable diso
at RP/2 in the HT as-implanted and in the annealed samp
Only the RT as-implanted sample reveals slightly high
backscattering yield in theRP/2 region compared to the spe
trum obtained from the virgin sample~xmin56% vs xmin

54%!.
Comparing the Cu profiles of the results presented ab

one can see that the RT implants show a double peak s
ture for the LD and HD samples implanted at random
channeling direction. This feature can be deduced from
observation of Fig. 5. In the figure are displayed the
concentration depth profiles according to reduced de
(x/RP) and concentration variables. The normalization h
been achieved by scaling the concentration value and
depth position of the highest peak of each spectrum. On
other hand, when compared with LD and HD implants d
ferent features can be observed. The LD implanted sam
shows two different Cu regions corresponding toRp and
Rp/2. At variance the Cu profile of the HD implant has thr
distinct regions: one in theRp region corresponding to get
tering on the larger cavities; a shoulder, which indicates g
tering on the small bubbles, and a less pronounced peak
responding to theRp/2 region.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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It is remarkable that all the HT implants display a sing
Cu peak located atRp . This feature is seen in Fig. 6, whic
shows the normalized Cu concentration versus the redu
depth for both fluences and implantation directions. For
the HT implants a similar shape of theRp gettering peak is
observed.

3. ERDA results

We have performed ERDA measurements for all H
He1-implanted samples. Here one example is presented
the similarities and the differences with all the implants a
further discussed.

In Fig. 7 the ERDA spectra are displayed correspond
to the RT and HT implants in the as-implanted 7~a! and
annealed state 7~b!. The measured He concentration profil
for the as-implanted samples@Fig. 7~a!# show a different
behavior for each implantation condition. The He concent
tion peak for the RT implanted sample is deeper as compa
to the MARLOWE prediction. On the other hand, the HT im
planted He distribution is located at the region where
MARLOWE code predict the maximum production of the im
plantation damage. The shift~'50 nm! of the He concentra-
tion profile indicates that, depending on the implantati
temperature, distinct cavity nucleation mechanism ta
place. If the temperature of the sample during the implan
tion is high enough, then the He mobility is enhanced. T
He vacancy reaction rate could be increased and the ca
formation takes place at the region of the maximum prod
tion of the damage.

FIG. 5. Normalized SIMS Cu depth profiles vs the reduced depth of the
implants: HD random~open circles!, HD channeling~straight line!, LD
random~solid triangle!, LD channeling~stars!.

FIG. 6. Normalized SIMS Cu depth profiles vs the reduced depth of the
implants: HD random~open circles!, HD channeling~stars!, LD random
~straight line!, LD channeling~solid triangles!.
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An inspection of the results after the annealing at 800
for 10 min @Fig. 7~b!# reveals that the RT implanted samp
has lost about 80% of the He original as implanted conte
On the other hand, the HT implanted sample lost about 9
of the He content. These values are in agreement with
results reported in Ref. 22. Both distributions become n
rower and shift toward the surface. The maximum of the
concentration profile corresponds to the depth where the
ity layer is observed by means of TEM. The present res
show that a measurable amount of He is still present wit
the cavity layer even after the 800 °C annealing.

The ERDA spectra of all the HD He channel implan
show the same characteristics as described above. Onl
channel He spectra is shifted toward the bulk. This agr
with the RBS/C measurements.

C. Threshold dose results

He1 ions were implanted into Si at 40 keV withf
50.531016at/cm2 at RT in random direction. In Fig. 8 th
Cu distribution is shown together with the correspond
TEM micrograph. The Cu depth profile shows a single pe
located in theRp region with no indication of Cu trapping a
the Rp/2 vicinity. This feature is interesting enough becau
it indicates a threshold fluence for theRp/2 effect induced by
He implantation. From the present results it can be c
cluded that this threshold fluence is between 0.5 and
31016at/cm2.

TEM observations of the sample in the as-implan
state~not shown here! indicate that after the He implantatio
there is no cavity formation. The last finding is in agreem
with previously published results18,19 where the authors re
port data on implantations done under the same condition

FIG. 7. ~a! He concentration depth profiles from the as-implanted sample
40 keV, 3.531016 He1/cm2, channeling direction at RT~straight line! and
HT ~dotted line! evaluated by ERDA;~b! the samples are the same as in~a!
but annealed at 800 °C/10 min.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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the present ones: He1 40 keVf50.531016He1/cm2. After
annealing, the TEM observations indicate—see Fig. 8—
existence of a He induced cavity layer located atRp . This
result is at variance with previous published reports23,24

where no cavities were found after furnace thermal annea
between 700 and 1000 °C. The authors of Refs. 18 and
assume that, if the cavities are not formed in the
implanted sample, they cannot form during a subsequ
high temperature annealing. However, we suggest that
annealing parameters~annealing ambient and the temper
ture ramp up! could be important for the formation of the H
cavities. While RTA with a heating rate of about 20 °C
under Ar ambient was performed in our study, furnace
nealing in high vacuum was used by the abovementio
authors. Further experiments are needed to clarify the in
ence of the annealing on the He cavity nucleation and e
lution.

D. Lower energy results

Twenty keV He was implanted at RT in random dire
tion with f50.831016at/cm2. In Fig. 9 the Cu distribution
is shown together with the corresponding TEM micrograp
The SIMS measurements show the existence of two

at

FIG. 8. SIMS Cu depth profile for the sample implanted at 40 keV,
31015 He1/cm2, RT, random direction, contaminated by 131012 Cu1/cm2

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

FIG. 9. SIMS Cu depth profile for the sample implanted at 20 keV,
31015 He1/cm2, RT, random direction, contaminated by 131012 Cu1/cm2

after 800 °C/10 min RTA. The SIMS profile is combined with a XTEM
bright field micrograph of the same sample.
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peaks. The first is located at 240 nm, that is in theRp region,
and the second at about 120 nm, which corresponds to
Rp/2 vicinity. The TEM micrograph shows the existence
dislocations and cavities around theRp region but no indica-
tion of extended defects in theRp/2 region as for all results
discussed above. The use of lower energy is a particular
periment to clear of the influence of the proximity of th
surface to the defects atRp/2. Experimental observations o
the point defect diffusion show that both interstitials and v
cancies exhibit migration interrupted by trapping at impu
ties ~C, O! and dopant atoms.25 The above study presen
results showing the interstitials being faster than the vac
cies. It is estimated that the trap-limited diffusion length
the vacancies in the CZ material~with O concentration;3
31018C m22! is ;0.1mm.25 Hence it is expected that part o
the excess vacancies in theRP/2 region produced by the 2
keV implant could recombine either at the surface or with
excess interstitials in theRP region ~note that the distance
between theRP/2 gettering peak and the surface in Fig. 9
;0.1mm!. The well pronounced double peak structure in t
SIMS Cu profile observed for the 20 keV implant is simil
to the one measured for 40 keV implant@Fig. 2~a!#. It can be
concluded that no remarkable defect recombination at
surface is observed. This means that the proximity of
surface does not play a significant role for the appearanc
the Rp/2 gettering effect in the frame of the used implan
tion and annealing conditions.

E. Additional experimental findings

~a! The Rp/2 effect of Cu in 40 keV He1 RT implanted
Si samples has not been observed for long annealing tim
i.e., 1 h at 800 °C. In this case Cu gettering was found onl
theRp region~not shown!. This means that the defects actin
as gettering sites atRp/2 have been removed during the pr
longed annealing cycle.

~b! The Cu gettering has been found to be independ
of the way of introducing Cu, simultaneously or subs
quently to the damage annealing.

In Table I we have summarized all the results of t
present experiment. There are quoted for each implanta
and annealing conditions the peak positions of the co
sponding Cu depth profile as obtained from SIMS expe
ments. In addition, we also show the characteristics of
damage, the region where it is located, as well as the m
size of the He cavities.

IV. MODELING

In the following section we will discuss the possible re
sons for the appearance of theRp/2 effect generated by He
implants.

The appearance of a Cu peak in theRp/2 region can be
taken as an indication of the existence of small defect co
plexes acting as gettering centers for Cu. It is possible
these complexes or their precursors are formed by the
plantation and are not removed by the RTA thermal proce
From this point of view, the present results are quite sim
to the previous ones, which have shown theRp/2 effect in-
duced by MeV implants. We will compare the defect produ
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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tion and recombination during ion implantation and sub
quent annealing for the case of MeV implantation of heav
ions and for the case of keV implantation of He at rando
direction.

A. Predictions from ballistic models

For the MeV implantation of heavy ions, theRp/2 get-
tering effect is attributed to the formation of excess vac
cies at the Rp/2 region. According to binary collision
calculations,5,6,26,27excess vacancies are formed because
the spatial separation of point defects due to the nonz
momentum component of the displaced Si atoms into
beam direction. In fact, the assumption of a complete lo
vacancy-interstitial annihilation during annealing leads to:~i!
the formation of a vacancy-rich layer from the surface nea
up to Rp and ~ii ! the formation of an interstitial-rich region
slightly extended beyond theRp depth ~with the maximum
concentration of excess interstitials at about 1.2Rp!. In low-
energy implants, these two regions are expected to react
each other to leave only excess interstitials but at hig
energies, the effect of the vacancy-rich region is expecte
be pronounced. One typical example for implantation con
tions used in order to obtainRp/2 effect in the high-energy
implanted and annealed Si is 3.5 MeV self-io
implantation.7,10,11We will compare the excess vacancy pr
duction for this well investigated case with the low-ener
implantations reported in this work. For 3.5 MeV Si1 random
implant into Si, TRIM/98 calculations provide a ratio o
0.182 excess vacancies per implanted Si1 ion located within
the surface and theRp depth. The same calculations pe
formed for 40 keV He1 implant into Si result in an amount o
0.015 excess vacancies per implanted He1 ion. Hence, the
excess vacancy generation per implanted He1 ion at theRp/2
region is more than ten times lower than for the MeV S1

implant. However, it is important to note that the vacanc
rich region produced by the 3.5 MeV Si1 ions extends from
the surface to the depthxSi'2.25mm. In contrast, the corre
sponding region for the 40 keV He1 random implant extends
from the surface to the depthxHe'0.35mm. As a conse-
quence, the average number of excess vacancies for th
and He cases areaSi58.131026 excess-vacancies/ion/Å
and aHe54.331026 excess-vacancies/ion/Å, which rende
a ratio aHe/aSi'0.5. In addition, the corresponding exce
vacancy ratio for the channel He implants isaHe

c /aSi'0.1.
Considering the typical implanted fluences offSi'0.5
31016cm22 andfHe'0.831016cm22 one obtains a ratio for
the effective excess vacancy concentration
aHefHe/aSifSi'0.8 for the random implant case and
aHe

c fHe/aSifSi'0.16 for the channel one. However, for th
fluence offHe'0.531016cm22 where noRp/2 gettering ap-
pears~see Sec. III C!, the estimated ratio isaHefHe/aSifSi

'0.5, a value well within the range where theRp/2 effect is
predicted according to the above reasoning. Hence, we
forced to conclude that the above ballistic arguments can
provide a complete consistent explanation for the pres
observations of theRp/2 gettering effect in He implanted S
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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B. Processes which take place during annealing

Here is the point where one significant difference b
tween the Si implant and the He implant must be taken i
consideration: the defect structure in theRp region after an-
nealing. In the case of Si implantation theRp region consists
of extended defects~dislocation loops! with pure interstitial
character. The excess silicon interstitials generated during
implantation process in this region plus the implanted io
themselves form these defects. Concerning the He impla
tion one has also to take into account the cavity format
and evolution. He atoms are known to be trapped by di
cancies stabilizing them and favoring their evolution in
more complex He–V clusters during annealing.24,28 This re-
sults in accumulation and stabilization of vacancies in theRp

region contrary to what happens in the case of the Si impl
The silicon atoms displaced during the implantation diffu
during the annealing. They are trapped in the radiation d
age close to the cavities and at the silicon surface. Re
studies report on the measurable recombination of the
atoms at the surface after annealing at temperatures bet
200 and 1200 °C.24,29 The number of the silicon atom
trapped at the surface is slightly lower than the number of
vacancies trapped in the cavities.19 This missing silicon at-
oms are supposed to form the dislocations around the c
ties atRp . It cannot be excluded that a part of the missi
silicon atoms also contribute to the Cu gettering atRp/2. On
the other hand, small vacancy clusters not visible by TE
could also be gettering sides atRp/2. Such small vacancy
clusters can be stabilized by the He and be present in
samples even after annealing to the temperature as hig
850 °C.30 Recently gettering of Au was also detected in t
Rp/2 region of He implanted Si wafers.31 This fact supports
the idea of small vacancy clusters being the gettering side
Rp/2.

The excess vacancy model discussed above pre
1.531014cm22 excess vacancies in theRp/2 region for the
case of He implant to the fluence of 0.831016cm22. Using
the TEM analyses we estimate that in this case the numbe
vacancies trapped in the cavities atRp is '231015cm22, a
number which is one order of magnitude higher than
number of the calculated excess vacancies. Hence the e
number of displaced Si atoms was generated and not rec
bined with vacancies during the annealing. This means
local defect recombination is incomplete under our annea
conditions. Therefore, both types of small defect cluste
interstitial and vacancy type, potentially may exist atRp/2
and are potential gettering centers for Cu. Further analy
will reveal which type of defects dominates the metal gett
ing.

The absence of Cu gettering atRp/2 for the HT implan-
tation is ascribed to the damage annealing that occurs du
the implantation process. The high temperature enhance
local point defect recombination during implantation. Fro
the plan view TEM analyses we have estimated the t
cavity volume in terms of Si atoms displaced in order
open space for the cavity formation. We have estimated
amount of'431014at./cm2 for the case of 40 keV HT im-
plant to the fluence of 131016He1/cm2 @see Fig. 2~b!#. This
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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value is five times lower than the one calculated for the c
responding RT implant@see Fig. 2~a!# for which the total
cavity volume is'231015cm22 ~discussed above!. This
confirms the enhanced point defect recombination during
plantation in the case of the HT implant which results in le
nonrecombined vacancies trapped in the cavities and
nonrecombined interstitials may be present in the HT i
planted samples compared with the RT implanted ones.

V. SUMMARY

In the present work we have shown that low-energy
implants in Si are able to induce Cu gettering at both theRp

andRp/2 region during annealing at relatively high temper
tures. TheRp/2 effect was found to be independent of th
implantation conditions: random or^100& channeled one, bu
it strongly depends on the implantation temperature. Wh
ever He was implanted at RT, theRp/2 effect was observed
However, HT implants led to the disappearance of the
peak in theRp/2 region. This feature is attributed to dama
recombination in theRp/2 region during the implantation.

It was also found that a threshold He fluence (0
31016,f<0.831016at/cm2) is necessary for the appea
ance of a gettering layer atRp/2. On the other hand, we hav
shown that the proximity of the surface does not play a s
nificant role in the appearance of theRp/2 gettering.

The He implantation inducedRp/2 effect was discussed
on the basis of the radiation-induced defects, or in conn
tion with the point defect fluxes associated with the form
tion of the He cavities. It was shown that the ballistic co
siderations alone cannot provide consistent predictions
theRp/2 gettering effect at variance with the results obtain
for medium-light ions (6<Z1<32) MeV implanted into Si.
In the present case, He leads to a different defect evolu
during annealing compared to the case of MeV implantat
of heavier ions. The appearance of theRp/2 effect seems to
depend either on the formation of He cavities, which trigg
the absorption of vacancies and/or the emission of s
interstitial atoms from theRp region, or on the stabilization
of vacancy clusters at theRp/2 region by the He atoms re
leased from the cavities during the annealing processes.
assumption is also confirmed by the fact that RT channe
random implantation led to theRp/2 effect irrespective of the
different amount of damage that they cause at theRp/2 re-
gion.
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