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He1 ions were implanted at 40 keV into Si^100& channel direction at room temperature~RT! and
at 350 °C. The Si samples were subsequently doped with Cu in order to study the gettering of Cu
atoms at the defective layer. A subsequent annealing at 800 °C was performed in order to anneal the
implantation damage and redistribute the Cu into the wafer. The samples were analyzed by
Rutherford backscattering channeling and transmission electron microscopy techniques. The Cu
distribution was measured by secondary ion mass spectrometry~SIMS!. The SIMS experiments
show that, while the 350 °C implant induces gettering at the He projected range (Rp) region, the
same implant performed at RT has given as a result, gettering at both theRp and Rp/2 depths.
Hence, this work demonstrates that theRp/2 effect can be induced by a light ion implanted at low
energy into channeling direction. ©2000 American Institute of Physics.
@S0003-6951~00!04133-4#

Metal gettering by ion implantation introduced damage
can be used for reducing the concentration of unwanted
metal impurities and oxygen in Si. This is called proximity
gettering and has been reported by Wonget al.1 The earlier
process has been extensively studied in view of its potential
application in advanced large scale integration technology.2,3

The capture of Cu and Fe contamination in mega-electron-
volt implanted Si have been detected by secondary ion mass
spectrometry~SIMS! at the depth corresponding to the pro-
jected range (Rp) of the implanted ion, where a buried layer
of extended defects can be observed by cross section trans-
mission electron microscopy~XTEM!.4,5 However, in addi-
tion to the gettering atRp , the trapping of Fe and Cu can
also be detected at theRp/2 region for Si bombarded with
mega-electron-volt ions in the 1015 at./cm2 fluence range af-
ter thermal annealing in the 700–1000 °C temperature
interval.4–7 This last phenomenon, called theRp/2 gettering
effect was observed by Tamuraet al.8 by studying the get-
tering of O in Czochralski~CZ!–Si after implantation of a
variety of ions like C, F, Si, Ge, and As. TheRp/2 gettering
effect is nowadays attributed to small point defect clusters
not visible in TEM images. Their existence is inferred only
by means of impurity decoration method.9,10 The real nature
of the gettering centers atRp/2 is presently discussed in the
literature. Most of the authors assume that excess vacancies
generated atRp/2 by ion implantation agglomerate in clus-
ters or nanocavities during thermal annealing.6–8,11,12How-
ever, more recently, Ko¨egleret al.13 have suggested that in-
terstitial clusters rather than vacancy ones are responsible for
the Rp/2 effect. Independent of the earlier controversy, from

the experimental point of view theRp/2 effect is nowadays
known to occur for a variety of light-medium (6<Z1<32)
deep ion implants and gettering species.9,14

In the present letter we report on theRp/2 gettering of
Cu obtained through a low energy He implant into^100& Si
channeling direction. This result seems remarkable since He
is a very light ion and it was implanted into a channeling
direction. Under such implantation conditions one should ex-
pect a significant reduction of the radiation damage at the
Rp/2 region as compared to the case of heavier ions im-
planted at mega-electron-volt energies into a random direc-
tion, but still the Rp/2 effect was observed. On the other
hand, we will also show that, upon implantations performed
at 350 °C, it is possible to avoid theRp/2 gettering effect
caused by the He implants, thus providing new alternatives
for the defect engineering applications in He implanted and
annealed silicon.

CZ–Si ^100& n-type wafers with a resistivity of 3–5V
were He implanted at 40 keV into Si^100& channeling direc-
tion to a fluenceF5831015 He/cm2 at both: room tem-
perature~RT! and 350 °C. Subsequently, Cu was introduced
in the rear side of the sample by implanting the Si wafer with
20 keV, 331013 Cu/cm2 at random direction. The samples
were then submitted to 800 °C thermal treatment for 600 s in
order to anneal the defects and redistribute the Cu into the Si
wafer. Rutherford backscattering/channeling~RBS/C! spec-
trometry was used to characterize the samples after He im-
plantation. The SIMS techniques was employed to determine
the Cu depth distribution subsequent to anneal and the ex-
tended defect structure~bubbles and dislocations! was char-
acterized by TEM using plan-view and cross section speci-
mens~XTEM!.

In Fig. 1 the Cu distribution is shown for the He RT
implant together with the corresponding XTEM micrograph.
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The existence of two Cu peaks can be clearly observed in the
SIMS spectrum. The first one located at>250 nm and the
second one at 500 nm. The deeper peak is situated at the
region of the He projected range~Rp5600 nm! as deduced
from range calculations done via theMARLOWE MONTE-

CARLO code.15 The shallower Cu peak corresponds to the one
described in the literature as theRp/2 distribution.4–10

The corresponding XTEM image displays the existence
of a well-defined buried layer in the depth range between
400 and 600 nm containing cavities and dislocation loops.
This layer is located in the vicinity where the Cu is trapped
at the Rp region and no evidence of Cu precipitation was
observed. It is worth to note that the TEM investigations do
not reveal the existence of any extended defect structure in
the vicinity of the shallower Cu peak, which corresponds to
the Rp/2 region.

Figure 2~a! shows the Cu depth distribution for the He1

implant performed at 350 °C together with the corresponding
XTEM micrograph. An inspection of the figure reveals the
existence of only one Cu peak at the defective region. Due to
the low magnification, Fig. 2~a! shows only the strain in-
duced contrast due to the presence of dislocations in the

depth layer 300–600 nm. Figure 2~b! shows a more detailed
observation of the bubbles and dislocation loops contained in
this depth region. It seems interesting to point out that the
width of the Cu profile is something larger than the one for
RT He1 implantation. In addition, the maximum of the Cu
profile is slightly shifted towards the surface as compared
with the Rp range predictions. This behavior correlates with
our observations that, upon high temperature implantation,
the He bubbles nucleate not around theRp position but rather
close to the maximum of the radiation induced damage
profile.16

A careful investigation of TEM results reveals quite dis-
tinct microstructure features. After annealing, the RT He1

implantation give place to a well-defined bimodal He bubble
distribution, characterized by a population of large bubbles
with a mean radius of 10 nm and a distribution of a smaller
ones with a mean radius of 4 nm. Whereas, the 350 °C He1

implantation results in a single mode He bubble distribution
with a mean radius of 3.6 nm. In addition, the total cavity
volume evaluated for each case is also quite different. Ex-
pressing the total cavity volume in terms of the quantity of Si
atoms displaced in order to open the space for the cavity
formation, we have estimated an amount of 231015 at./cm2

for the RT implanted case and 431014 at./cm22 ~i.e., a fac-
tor 5 smaller! for the high temperature implanted one.

The earlier observations can be correlated with the re-
sults of the RBS/C measurements displayed in Fig. 3, which
were taken after the He implants but before the thermal an-
nealing treatment. There are shown:~a! the spectra corre-
sponding to an unimplanted sample~triangles!, ~b! the cor-
responding to RT He implant~circles!, and~c! the one taken
for the 350 °C He implanted sample~stars!. Comparing~a!
and~c! it is observed that up to a depth of>300 nm there is
no difference between the unimplanted and 350 °C spectra.
Then, the last one increases its yield significantly at a depth
corresponding to the region where the Cu gettering starts to
be detected. On the other hand, the spectrum corresponding
to the RT implantation shows from the near surface up to a
depth about 300 nm a yield that is larger than both: the virgin
and 350 °C spectra. Near the surface the minimum channel-
ing yield is xmin56% ~as compared to the virgin sample,

FIG. 1. SIMS analysis of Cu profile superposed with a XTEM micrograph
~He implant at RT followed by a thermal treatment at 800 °C for 600 s!.
Notice the absence of microstructure defects at the region of the shallower
peak of Cu and the presence of cavities and dislocation loops at the deeper
peak region.

FIG. 2. ~a! SIMS analysis of Cu profile superposed with a XTEM micro-
graph~He implant at 350 °C followed by a thermal treatment at 800 °C for
600 s!. Notice that the Cu profile correlates with the region containing strain
induced contrast.~b! Plan-view micrograph revealing the presence of cavi-
ties and dislocation loop arrangements at the defective layer shown in~a!.

FIG. 3. RBS/C yield vs depth measurements from an unimplanted~n! and
RT ~d! and 350 °C~* ! implanted samples.
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xmin54%! and goes up toxmin58% at theRp region.
The results indicate that the channel implant at 350 °C—

even before the annealing—causes very low radiation dam-
age in theRp/2 region as it is not observable by RBS/C.
Probably the radiation induced damage is removed during
the implantation process, due to the high implantation tem-
perature. The same does not happen with the damage at the
region where bubbles and dislocation loops are formed, as
revealed by the RBS/C and TEM observations. Whether He
bubbles, extended defects or both are responsible for the get-
tering process atRp is an open question that should be fur-
ther investigated.

Concerning the RT implantation, the RBS/C measure-
ments show that the implantation process leaves a damage
region from the near surface going up to theRp region. The
subsequent thermal treatment probably anneals out most of
the defects, in particular at the shallower region of the
sample, since TEM investigations reveal the existence of ex-
tended defects only in the vicinity of theRp region. How-
ever, at variance with the 350 °C He1 implant, in the present
case a Cu peak appears in theRp/2 region indicating the
existence of small point defect complexes which should be
responsible for Cu gettering in this region. It is possible that
these complexes or their precursors are formed by the RT
implantation and are not removed by the subsequent thermal
process. From this point of view, the present results are quite
similar to the previous ones, which have shown theRp/2
effect induced by mega-electron-volt implants.4–10

On the other hand, a comparison between ours and pre-
vious mega-electron-volt experiments shows important dif-
ferences. The present experimental conditions bring as a con-
sequence the introduction of much less primary radiation
damage than in the previous cases.MARLOWE calculations
for 3.5 MeV Si implanted in Si at random direction indicate
that at 'Rp/2 ~1.3–1.7mm! are created approximately 10
Frenkel pairs per incident ion. The same calculations per-
formed for 40 keV He implanted in thê100& channel direc-
tion result in an amount of 0.2 Frenkel pairs per incident ion
at Rp/2 ~0.15–0.30mm!. Then, the primary damage gener-
ated at theRp/2 region is about 50 times lower than for the
MeV Si1 implantation. In spite of that, we still observe a
Rp/2 gettering effect of the same magnitude as for the MeV
Si implanted cases.5,10

It is possible that theRp/2 effect observed in the present
work is not caused by the very low radiation damage induced
by the He bombardment but rather due to the formation of
He bubbles. In fact, it is known that formation of bubbles
requires vacancy absorption and/or self-interstitial ejection in
order to build the cavities and to relax their internal
pressure.17 Assuming that the dislocation loops around the
bubbles and the surface of the Si act a sinks for the ejected
interstitials then it can be speculated that some of them may
diffuse and agglomerate at the intermediate region that is
aroundRp/2. At this point it seems interesting to remark that,
on the basis of the calculations of Heinig and Jaeger,11 the
number of interstitial atoms ejected from the bubbles (2
31015 cm22) was estimated to be at least 104 times higher
than the number of excess vacancies at theRp/2 region.
Hence, at the present, one cannot exclude the possibility that
the self-interstitial complexes generated from the bubbles

can play a significant role as gettering sites. Certainly a
deeper insight into the kinetics of point defects as well as on
the complex nature of the He bubble formation process in
Si16,17 are necessary in order to answer the question regard-
ing the nature of the defects at theRp/2 region.

In summary, in the present work we have implanted He
at low energy in^100& Si channeling direction at both RT
and 350 °C. The samples were subsequently contaminated
with Cu and submitted to thermal treatment. Cu gettering
was observed for He1 implantation at 350 °C only at theRp

region. For the same implantation performed at RT, Cu get-
tering appears at both regions, atRp and aroundRp/2 re-
gions. TheRp/2 gettering effect now established for He im-
planted at low energy channeling direction shows a similar
gettering behavior to the one observed for mega-electron-
volt implantation of heavier ions. However, in the present
case much less primary radiation damage was generated at
theRp/2 region, and still theRp/2 effect of the same order of
magnitude as the gettering atRp was detected. This behavior
can be considered as a particular consequence of the He in-
duced cavity formation phenomena. On the other hand, the
absence of Cu gettering atRp/2 for the 350 °C implantation
is ascribed to the damage annealing that occurs during the
implantation process. This feature demonstrates a new defect
engineering approach on how to avoid theRp/2 effect at
once without a need for further thermal treatments.
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