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He-vacancy interactions in Si and their influence on bubble formation and evolution
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The mechanisms of He bubble and, after annealing, of void formation have been investigated for single and
multiple He1 implants in Si. Several analytical techniques have been adopted: photoluminescence~PL!, Ru-
therford backscattering of protons, transmission electron microscopy, and atomic force microscopy. When a
second implant is performed a systematic enlargement of the bubble band reveals the importance of the
interaction between He atoms and point defects generated during irradiation. Size effects of the implanted
region protrusions indicated a He diffusion mechanism and an interaction with vacancies and divacancies for
the bubble formation. PL spectra indicate the presence of complexes helium divacancies in the same tempera-
ture where self-interstitials annihilate at the sample surface. The interaction of helium atoms with divacancies
allows the inversion in the vacancy-interstitial balance producing a supersaturation of vacancies in the silicon
bulk. This vacancy supersaturation causes the observed annihilation of interstitial type defects after a suitable
annealing.
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I. INTRODUCTION

Helium is known to agglomerate into bubbles when i
planted in metals1–3 or in semiconductors.4,5 In the past, due
to the technological interest, these studies have been dev
to understand the effects on the first-wall materials in a
sion or fission reactor environment.6–8

Recently, the investigation of He-bubble formation in
and the subsequent transition to voids by thermal annea
has received a lot of interest also in view of possible ap
cations in silicon device fabrication. Voids can be obtain
implanting other light species, however, helium prese
many advantages: due to its high permeability it evapora
easily from the silicon wafer while, being an inert gas, do
not interact with silicon atoms, so that no impurity is left a
chemical interactions are avoided.

Voids have been demonstrated to be a powerful defec
gettering transition metals.9,10 On the void internal surface
dangling bonds, strongly interacts with point defects, so t
they affect the impurity diffusivity and the secondary defe
formation and evolution.11 Moreover, voids introduce dee
levels in the silicon band gap and this property can be u
to control the minority carrier lifetime in power devices.12–15

He bubble and void formation indeed is a quite comp
phenomenon and involves several elementary mechani
So far, exploring all the peculiarities of the phenomenon a
using several techniques, many experiments have been
ried out and interesting data accumulated. Recent results
tained by He implants in Si targets at different temperatu
~from 77 to 700 K! have clarified the role and the relativ
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relevance of the main factors involved in the bubble form
tion, i.e., the radiation damage and the short and long ra
migration of the He atoms.16

The supersaturation of noble gas atoms in the lattice le
to formation of bubbles via an interaction with the radiati
damage.16,17 Helium atoms in silicon do not occupy subst
tutional sites but if by chance they are located in a vaca
site, they move to interstitial positions to minimize the fr
energy according to molecular dynamic~MD! calculations.18

Helium is strongly repelled by monovacancies. The elect
density, associated with the reconstructed bonds surroun
the vacancy, results in Pauli repulsion with the helium fill
electron shell.18,19The most stable configuration correspon
to a helium atom in an interstitial site far away from th
vacancy. Helium atoms form instead a stable complex wit
divacancy or a vacancy clusters according to photolumin
cence measurements and MD calculations.19 These proper-
ties we believe are quite important for bubble formation.

In this work we investigate the role played by vacanci
interstitials and helium atoms during bubble and void form
tion. In particular, we will follow the evolution of vacanc
clusters, induced by irradiation, during subsequent ther
treatments and we will clarify the role of helium atoms
stabilize them and to allow void formation. This evolution
quite peculiar of helium implants and differs substantia
from that occurring during the annealing of the usual dop
species. The comparison allowed us to understand the
sons of a different equilibrium final condition for the residu
defects. Finally, an explanation of the secondary defect
nihilation when voids are formed in silicon is given.
937 ©2000 The American Physical Society
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II. EXPERIMENTAL DETAILS

Czochralski grown~100! silicon wafers were implanted
with He atoms at energies between 20 and 300 keV an
the 331016– 131017cm22 dose range. The sample temper
ture during implantation was maintained at 10062 °C by
using a thermocouple in contact with the sample surface
a feedback system. All the implants were performed a
fixed dose rate of 1mA/cm2.

The annealings were carried out in the temperature ra
between 200 and 1200 °C by using a horizontal conventio
furnace under a continuous nitrogen flux~2 l/min!. The tem-
perature ramp during the heating and cooling stage
10 °C per minute.

The change in volume, caused by the implants, and
void formation were studied by forming adjacent stripes
implanted and unimplanted regions using a photoresist m
1.5 mm thick. The helium ions, at energies lower than
keV, are stopped in the mask. The resist etching was
formed in plasma to obtain 87°-sidewall mask. Solvents w
used for the final resist removal to avoid damaging the s
con surface and the generation of artifacts. Unimplan
samples, used as reference, do not show any step or su
artifact introduced by lithography or sample preparation
self within the sensitivity of atomic force microscop
~AFM!. The AFM equipment used was a Digital Instrumen
Dimension 3100 and measurements were carried out in
ping mode.

The He content was determined by p-BS~proton back-
scattering spectrometry! using 2040 keV1H1 beam20,21 ob-
tained from a 5 MeV van de Graaff accelerator of KF
Research Institute for Particle and Nuclear Physics. The
beam was collimated to 0.331 mm2 and a current of abou
10 nA, as measured by a transmission Faraday cup,
used.22 The p-BS experiments were performed at
31024 Pa vacuum using a 25 mm2 ORTEC detector at 165°
scattering angle with a solid angle of 2.55 msr. The in
grated charge of each measurement was 40mC. To improve
the depth resolution of the measurements, the sample
tilted with an angle of 75°. Spectra were analyzed by theRBX

program.23

Photoluminescence~PL! measurements were performe
by pumping with the 488-nm line of an Ar1 ion laser. The
pump power varied between 0.01 and 200 mW over a cir
lar area with a 1 mmdiameter and the laser beam was m
chanically chopped at 55 Hz. The luminescence signal
analyzed with a monochromator and detected with a liq
nitrogen cooled Ge detector. Spectra were recorded usi
lock-in amplifier with the chopper frequency as a referen
Luminescence lifetime measurements were performed
monitoring the decay of the PL signal at 1.54mm after
pumping to steady state and mechanically switching off
laser beam. The overall time resolution of our system is
30 ms. Low-temperature measurements were performed
using a closed cycle liquid He cooler system with t
samples kept in vacuum.

A Jeol 2010 Fx microscope operating at 160 kV was u
to carry out transmission electron microscopy~TEM! in
cross section or plan view thinned samples. Standard sam
preparation by mechanical thinning and subsequent ion m
ing was used. Analyses were performed both in the p
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configuration, i.e., along the@110# direction, or with two
beams, i.e., the transmitted beam and the~220! or ~111! spot
exited for cross or plan view analyses, respectively.

III. SUPERSATURATION OF VACANCIES BY He
IMPLANTS

Helium implants in silicon, at fluences higher tha
131016cm22, induce bubble formation. This critical fluenc
increases with ion energy because a local helium concen
tion of 331020cm23 should be reached.13 Bubbles can be
observed directly by TEM analyses. As an example,
cross section image of a sample implanted w
20 keV He1-131017cm22 is reported in Fig. 1. In the sam
figure the depth profiles of vacancies and He are reporte
obtained bySRIM calculations.24 Bubbles of 4–5 nm in di-
ameter are localized at a depth shallower than the He1 pro-
jected range, in a region where instead the radiation dam
peak is located according toSRIM calculations. The bubble
band extends between 60 nm and 0.35mm from the sample
surface. In the near surface region~between 120 and 230 nm!
a higher density of bubbles is present. This layer is situa
where a high vacancy concentration is located according
SRIM. A second layer with a lower bubble concentration e
tends from 0.23 to 0.35mm. At deeper depth no bubble i
observed. The transition region between the presence an
absence of bubbles is quite sharp and they are accumu
up to this border with no exception. The same characteris
have been observed for implants at energies in the 20–
keV range.

We have investigated by TEM analyzes the bubble dis
bution in as-implanted samples when two He implants
different energies were performed in the same samples
several combinations of doses. In the following we descr
the results obtained in several experiments performed by
planting sequentially He at different energies. The He bub
region has been observed in the TEM before and after
second implant. The width of the region containing t
bubbles formed by the first implant increases in all the
vestigated cases after the second implant. In particu
bubbles are observed to form at the far-away border of
first and deeper implant even if the energy of the seco
implant is quite lower than the first one, so that the two

FIG. 1. TEM cross section of an as-implanted sample w
20 keV 131017 cm22 He ions. The depth profile of He and vacanc
distribution as obtained by aSRIM calculation is reported for com
parison.
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distributions are well separated. This is a quite surpris
result, but it was obtained for several combinations of en
gies and doses of the two implants. The results of a typ
experiment are illustrated in Fig. 2, they refer to a dou
implant performed in the following sequence 100 ke
He1-331016cm22-40 keV 331016cm22. The bubbles after
the first 100 keV He1 implant are located at a depth rangin
from 0.55 to 0.85mm from the surface, respectively. Th
second implant induces the formation of bubbles deepe
to 0.95mm, maintaining the near surface depth to 0.55mm.
The full line represents the vacancy concentration as ca
lated by SRIM after the 100 keV implant, while the dotte
line the helium concentration depth profile. This profile is
good agreement with that extracted from p-BS measu
ments, as shown later.

The borders of the bubble layers determined by the T
analyses are indicated, for simplicity, as vertical lines.
particular, the near-surface border, that does not change
the second implant, is shown as a continuous line, while
dashed line refers to the deep border after the first implan
100 keV 331016cm22, and the dotted line to the deep bo
der after also the second implant~at 40 keV 3
31016cm22), respectively.

The bubble layer formed during the first He1 implant is
centered round the calculated vacancy distribution. The
ond implant enlarges the bandwidth, as observed by T
analyses, toward the bulk. We performed many double
plants changing the implant energy sequence but we alw
observed an enlargement of the preexisting bubble band
ward the inside bulk. Moreover, the observed increase in
bandwidth is proportional to the fluence of the second
plant. The same enlargement was observed for a secon
self-ion implantation. These results clearly indicate that
lium atoms interact with point defects generated during
implant. We believe they are vacancies.

During implant both vacancies and interstitials are form
in the crystal. Soon, they spread in the samples, diffusin
the surface and in the bulk, till they annihilate or they a
trapped into more complex defects. The magnitude of
repulsion energy between a monovacancy and a helium a

FIG. 2. Depth profile of helium and corresponding vacancy p
file as obtained byTRIM calculation for a He ion implantation at 10
keV with a dose of 331016 cm22. The extension of the bubble
layer, obtained by TEM analyses, is also reported for the
implanted sample~from the continuous vertical line to the vertica
dashed line! and after a second implant at 40 keV 331016 cm22

~from the continuous vertical line to the vertical dotted line!.
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has been calculated as 1.2 eV, and it is nearly equal to
activation energy for diffusion of isolated helium interstitia
~0.84 eV!.19 This fact suggests an unusual mechanism for
enhanced diffusion of the helium impurity: the implant itse
causes an above-equilibrium flux of vacancies from the s
face into the bulk, the vacancy-He repulsion is large enou
to overcome the barrier for diffusion.19 The helium intersti-
tials are simply pushed and dragged into the bulk by
wave of vacancies coming from the surface. This implies
existence of He atoms inside the as-implanted samples
trapped in bubbles but just dissolved in the matrix in int
stitial position. Indeed, their presence in very simple He
clusters not visible in TEM has already been deduced by
desorption analyses.25

Helium atoms instead are stable in a complex with a n
tral divacancy.19 The large drop in energy resulting from th
formation of a He-divacancy complex suggests that, if
temperature needed to induce divacancy diffusion is reac
they seek out and trap He interstitials. The trapping its
involves no activation energy19 and it occurs by divacancy
migration during ion implantation itself. This mechanis
suggests that the bubbles formation efficiency is limited
the number of divacancies present in the sample and th
can be improved if a larger amount of vacancies is availa
during or immediately after the He implant. The second i
plant creates an additional flux of vacancies that can ind
further and deeper bubble formation in the presence of a
substantial helium concentration. The vacancy trapping
then only limited by the He concentration. This effect h
been recently noticed in double He1 and H1 implants used
to obtain the exfoliation of Si layers in SOI~silicon on insu-
lator! application. He1 and H1 coimplantation results in a
reduction of the total ion implantation dose necessary
exfoliation.26,27

The presence of helium inside the bubbles has been
duced by photoluminescence measurements. As-impla
samples do not give any well-defined peak due to the h
level of damage, but just a broad peak around 1324
After an annealing at 250 °C for 1 h several peaks appear a
shown in the spectrum of Fig. 3~a!. In the same figure a
photoluminescence signal of a Si self-implanted sample
reported for comparison. The peak at 1216 nm is due
divacancies. Helium inside divacancies perturbs only sligh
the reconstructed defect according to molecular dynam
calculations and a strain-based model.28,29 No change in the
electronic configuration occurs, but the reconstructed bo
are just weakened. So, only a slight shift of the main pea
expected. The PL spectra reported in Fig. 3~a! show two very
close peaks at 1216 and 1225 nm, respectively. We m
attribute them to divacancies and to divacancies filled w
helium atoms, respectively. We observed the double pea
samples implanted below and above the critical dose to
serve bubbles directly by TEM.

The broad peak, around 1324 nm, was not detected
self-implanted Si samples, or samples implanted below
critical dose. The only structural difference observed
TEM analyses in the samples is the presence of the bubb
So we can relate this broad peak as signal of vacancy clus
filled with helium ~bubbles!. The wide peak is due to the
large variety of cluster sizes present in the sample. T
double peak disappears at temperatures higher than 30
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940 PRB 61RAINERI, COFFA, SZILÁGYI, GYULAI, AND RIMINI
and a single peak is observed at 1216 nm, i.e., at the d
cancy signal, as for example after 350 °C-1 h annealing@see
Fig. 3~b!#. The broad peak at 1324 nm increases in amplitu
and it is better defined. At 400 °C, also the peak associa
with divacancies disappears, while the peak at 1324 nm n
is well defined and narrow@Fig. 3~b!#. In summary at tem-
perature lower than the annihilation of divacancies, divac
cies filled with He evolve in more complex He-V clusters

It is well known that divacancies, in ion implanted silico
disappear at temperature higher than 350 °C.33 During ther-
mal processes vacancies recombine with silicon s
interstitials emitted by interstitials clusters. A supersaturat
of interstitials is surviving, being the balance between vac
cies and interstitials in favor of the latter when implanti
substitutional species in silicon. Indeed, extra atoms are
troduced in the crystal during ion implantation so that t
annihilation of vacancies with interstitials produce the v
cancy dissolution and the formation of interstitial type r
sidual damage.

This has not been observed when helium is implanted
silicon. Indeed, vacancy type defects are observed even
very high temperature treatments. Apparently, the prese
of helium inside divacancy stabilizes them in energy an
different evolution is observed. Probably, by a mechan
similar to that operating in metals,30 divacancies evolve into
more complex He-V clusters~bubbles! while at the same
time self-interstitials recombine elsewhere.

Si self-interstitials diffuse very fast even at room tempe
ture so they can be trapped both in the radiation dam
close to bubbles, as observed in TEM analyses around
projected range, or at the silicon surface. To determine i
atoms accumulate at the surface, we prepared ‘‘striped’’

FIG. 3. Comparison between photoluminescence spectra fo
lium and Si as-implanted samples~a!. Photoluminescence spectra
the He implanted samples annealed at different temperatures fo
~b!.
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planted samples and we measured the step heights on
implanted and unimplanted regions as a function of the s
width for several doses. The results are reported in Fig
The step height increases with the width, and a satura
value is reached for values above 3.0mm. At a width shorter
than 3mm we have to consider in more details the influen
of a finite source of defects in the final profile. Indeed, t
diffusion of point defects~e.g., interstitials! is isotropic and it
can be modeled as one-dimensional only when the affe
vertical dimension is quite negligible in comparison with t
lateral extension of the source. In this case, the lateral di
sion below the mask region does not contribute significan
to lowering the peak concentration, so that the diffusion
defects can be described in terms of an infinite source. Mo
over, the saturation step height increases linearly with
implanted dose suggesting that the phenomenon is dire
related to helium implants and to bubble formation. For
implanted dose lower than the critical dose required form
bubbles already visible in TEM analyses no step could
detected by AFM measurements.

In Fig. 5 the saturation step height value is plotted a
function of the annealing temperature for several doses.
step height remains constant up to 800 °C for the higher
planted doses (>631016cm22) and then decreases. How
ever, at 800 °C almost all the He atoms already left Si a
voids are formed, as easily seen in TEM pictures.

In Table I the silicon atoms contained in the step heig

e-

h

FIG. 4. Step height of helium implanted stripes as a function
the stripe width.

FIG. 5. Saturated step height of helium implanted stripes a
function of annealing temperature.



rre
b
ti
th

im
an

th
ilit

it
i

tio
th
th

os
e-
y,
cu
-
tio
at
os
i

f
E

e
t
tic
w
le
t

e

s

tia

m
a

va
lf
h

me
en-

-
ects
ed
im-
al
ing
lk.
of
de-

e-

he
g

ilar
C
aled

en
ated

s-

cu-
ses
d at
res

ion

im-

a
te

PRB 61 941He-VACANCY INTERACTIONS IN Si AND THEIR . . .
volume up to 800 °C annealing are compared with the co
sponding vacancy volume of the voids as determined
TEM analyses. The comparison suggests a strong correla
between the silicon missed in the bulk and that trapped at
surface. However, a difference is found for the highest
planted dose, and it can be due to strain of the void layer
to a stressed silicon layer.

The step in the implanted region might be caused by
presence of defects in the lattice. To explore this possib
we performed single crystal x-ray diffraction~XRD! on the
annealed samples and the measurements indicate that w
the sensitivity limit of the technique, no residual stress
present. Indeed, depth resolved double crystal diffrac
~XRD! measurements reported in the literature show
presence of strain at the depth where He is located in
as-implanted samples due to their higher sensitivity.31 How-
ever, this strain is relaxed in a few nanometers for a d
lower than 531016cm22 and it disappears during the subs
quent annealing. At higher doses it increases dramaticall
does not relax during annealing and can induce silicon
ting for fluences,131017cm22. Our measurements indi
cate that the silicon atoms displaced by the bubble forma
accumulate at the surface. This causes a bulk supersatur
of vacancies, trapped in the bubbles. At the highest d
some strain is detected, but it cannot be quantified, and
deed the missed silicon in the bulk~voids! alone cannot jus-
tify the step height.

With increasing the He1 fluence a different evolution o
damage was observed by TEM analyses. In Fig. 6 the T
cross sections of samples implanted with 631016cm22 ~a!
and 931016cm22 ~b! after 1200 °C 20 min annealing ar
shown. Up to 631016cm22 only a void layer is observed. A
the higher dose several dislocations are also formed par
larly in the lateral sides of the void stripe. These defects
believe are responsible of the difference reported in Tab
for the highest dose, between the amount of vacancies in
voids and that of silicon atoms in the step.

Si self-interstitials are also trapped in the silicon lay
above the void layer. At higher temperatures~.800 °C! the
layer is relaxed and extended defects are observed at the
border~see Fig. 6!. Self-ion implantation in crystalline sili-
con produces point defects as vacancies and self-intersti
Most of the vacancies and displaced atoms~'90%! recom-
bine during the implant itself. The remaining ones agglo
erate in more complex defects as divacancies, vacancies
interstitial clusters. During annealing, divacancies and
cancy clusters dissolve in the bulk recombining with Si se
interstitials released by the clusters. At temperatures hig

TABLE I. Si atoms in the step volume are compared with v
cancies trapped in the He bubbles for several He implan
samples.

Sample

Si atoms
in the step

volume @cm22#

Vacancies
in the

bubbles@cm22#

80 KeV 931016 cm22 631016 131017

80 keV 631016 cm22 331016 331016

80 keV 331016 cm22 131016 131016

40 keV 331016 cm22 131016 131016
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than 300 °C, only interstitial type defects are observed. So
interstitial clusters remain at even higher temperatures
larging in dimensions and forming$311% defects at tempera
tures around 800 °C. At higher temperatures, these def
generate an interstitial flux and collapse in extend
defects.32 The same trend has been observed for all the
plants of impurities that occupy equilibrium substitution
lattice sites. In summary, ion implantation and anneal
produces a supersaturation of interstitials in the silicon bu
After high temperature annealings, interstitials in excess
vacancy concentration, are accommodated in extended
fects formed in the bulk. This situation is illustrated sch
matically in Fig. 7~a! for a low dose helium implantation in
silicon, i.e., in the case where bubbles are not formed. T
number of defectsper ion was determined by considerin
10% of the displaced silicon atoms calculated bySRIM,
which does not consider any recombination.24 The reported
temperature behavior is assumed analogously to sim
cases.33,34 The remaining number of interstitials after 400 °
annealing was determined by TEM analyses on anne
samples.

In the case of high dose helium implants, i.e., wh
bubbles are formed, a supersaturation of vacancies is cre
as reported in Fig. 7~b!. The vacancies are included in clu
ters eventually filled with helium atoms~bubbles!. Their den-
sity and dimension was determined by TEM analysis cal
lating the number of vacancies/ion. This number increa
with the dose. Interstitial type defects have been observe
temperatures up to 800 °C. For annealing temperatu
around 800 °C and for a short time, also$311% defects have
been observed.35 However,$311% defects do not collapse in
extended interstitial type defects. Indeed, the void format
involves dissolution of interstitial type secondary defects.36

FIG. 6. Cross sections TEM analyses of striped samples
planted with 80 keV 631016 cm22 ~a! and 931016 cm22 ~b!.
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942 PRB 61RAINERI, COFFA, SZILÁGYI, GYULAI, AND RIMINI
As an example TEM cross sections of samples implan
with 100 keV 131016cm22 and with 40 keV 331016cm22

after a high temperature annealing are reported in Fig. 8
the threshold dose for bubble formation (131016cm22),
both extended defects and voids are observed. Above thr
old only voids are observed. In the first case the vacan
interstitial balance is not yet clearly behalf of vacancies a
a hybrid situation is observed. When vacancies superimp
interstitials concentration no interstitial type defects is a
where observed.

IV. VOID FORMATION AND STABILITY

We have seen that He implants induce heterogene
nucleation of V clusters. They take place by the interact
of He with divacancies and by the subsequent evolution
more complex He-V agglomerates. This nucleation ph
can be described in details only by an atomistic mode
molecular dynamic calculations. However, due to the la
number of atoms involved a so detailed description has
been so far achieved. The classical nucleation theory37 is
sufficient at this point to describe the formation of voids
silicon.

Assuming a void to be a sphere of radiusRv , in forming
it, the crystal free energy is increased by 4pRv

2s, wheres is
the Si surface energy. The number of V trapped in a void
4pRv

3/(3V). At the V concentration per unit volumeCv ,
the chemical potential of a vacancy isKBT ln(Cv /Cv

eq),
whereKB is the Boltzmann’s constant,T is the absolute tem
perature, andCv

eq is the V thermal equilibrium concentration
Hence, the change in the crystal free energy due to V c
sumption can be written as

S 4pRv
3

3V DKBT lnS Cv

Cv
eqD . ~1!

FIG. 7. Vacancies and interstitials related to a single implan
helium ion and determined below~a! and above~b! the dose thresh-
old for bubble formation, as a function of temperature.
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Thus, the net Si crystal free energy change is

DGv54pRv
2s

4pRv
3

3V
KBT lnS Cv

Cv
eqD . ~2!

This energy is zero forRv50, rises to a maximum value
DGv* at the critical sizeRv5Rv* and then decreases. At th
energy maximum the condition

d~DGv!

dRv
50 ~3!

yields

Rv* 5
2sV

KBT lnS Cv

Cv
eqD . ~4!

The V concentration,Cv is obtained by considering
0.6*F, i.e., the factor determined from the experimental v
ues~see Fig. 7! multiplied for the He implanted fluenceF.
The V thermal equilibrium concentrationCv

eq is given by

Cv
eq5N3e2Ev /KBT, ~5!

d

FIG. 8. TEM cross sections of a sample implanted with 100 k
131016 cm22 ~a! and with 40 keV 331016 cm22 ~b! after high tem-
perature annealing~1000 °C 1 h!.
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whereN is the density of silicon,N5531022at/cm3.
In Fig. 9~a! the Cv /Cv

eq ratio versus temperature is draw
for several fluences covering the entirely adopted impl
range. The values used for the calculations areEv
53.65 eV,38 V52310223cm3, s51230 ergs cm22. The
Rv* values versus temperature are reported in Fig. 9~b! for
the same implanted doses. The critical radius at the imp
tation temperature is of the order of 0.1 nm. Indeed, V-
clusters are present in the He as-implanted silicon als
doses below the threshold to form voids after annealing.31,39

During thermal treatments He desorption occurs and V c
ters are left in Si.25 The V clusters transform into voids onl
if their dimension overcome the critical radiusRv* , other-
wise they dissolve. However, the calculated critical rad
value is too small, so that in principle all clusters shou
grow. This is not observed experimentally. The reason,
explained in details in the following, is in the role of He
the He-V clusters.

In Fig. 10 the He retained in the sample is reported a

FIG. 9. Cv /Cv
eq ~a! andRv* ~b! versus the annealing temperatu

calculated as described in the text.

FIG. 10. Measured He in the sample as a function of the ann
ing temperature.
t

n-
e
at

s-

s

s

a

function of the annealing temperature for two differe
doses, one below and the other above the critical dose
void formation. Below the critical dose (131016cm22) He
desorption is observed at a temperature up to 300 °C. In
case the most of He atoms are trapped with divacancies
observed by photoluminescence, but, due to the low He c
centration, they cannot evolve in more complex He-V clu
ters. So, when helium desorption occurs, divacancies are
in silicon. They evolve as it is well known, and already d
scribed.

When bubbles~He-V clusters observed in TEM! are
present in the sample the He desorption is retarded~up to
800 °C! so that large vacancies clusters are left after He
sorption and moreover at temperatures when interstitials
already arranged in energetically stable configurations.
deed, we could never observe voids if we could not be a
to observe He bubbles in the as-implanted samples by T
analyses~resolution better than 1 nm!.

During annealing at temperatures higher than 300 °C,
lium permeates from bubbles above 700 °C desorbs from
sample. In Fig. 11, the p-BS analyses of a double implan
sample with 100 keV 131017cm22 and with 40 keV 3
31016cm22 is reported for as-implanted samples~a! and af-
ter annealing at 1000 °C, 5 min.~b!. Without annealing, the
same amount of implanted helium was also measured in
sample. After an annealing at 1000 °C, 60% of the heli
left the silicon as we could obtain by the decrease of the
peak area in p-BS analyses. A few percent of the heli
remains also after longer annealing. This residual amoun
helium cannot justify by itself the stability of voids. Indee
the voids are unlikely to transform in other defects. The r
son can be deduced by comparing the calculated energy
several vacancy type defects.

When a void is formed equilibrium is reached so that t
vacancies trapped in the voids do not participate to the c
centration of vacancies in the Si crystal. From Eq.~2! we can
obtain

DGV54pRV
2s. ~6!

The other likely vacancy type defects are dislocati
loops. The energy of a loop of radiusRd that may or may not
contain also an intrinsic stacking fault~SF! is given by
pRd2g12pRd(G/L), whereg is the intrinsic SF energy
density,G/L is the edge dislocation elastic and core ene
per unit length40

G

L
5

mb2

4p~12v ! S ln
8aRd

b
21D . ~7!

Herem is the shear modulus of Si,b is the magnitude of
the dislocation Burgers vector, taken to be perpendicula
the loop plane,v the Poisson’ ratio, anda is a dimensionless
parameter.
Thus, formation of a dislocation loop causes an increase
the crystal free energy. On the other hand, a certain num
of vacancies is consumed which results in a decrease o
crystal free energy. The number of V consumed in formi
the loop ispRd2b/V, whereV is the volume of one V. At
the V concentration per unit volume,Cv the chemical poten-
l-
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tial of a vacancy isKBT ln(Cv /Cv
eq). Hence, the crystal free

energy is decreased by (pRd2b/V)KBT ln(Cv /Cv
eq). This is

valid only if Cv does not change significantly due to its co
sumption of vacancies to form dislocations, i.e., f
rdpRd2b/V!Cv holding, whererd is the volume density of
dislocation loops. This condition is satisfied at the stage
nucleation and therefore can be used to determine the nu
ation energy barrier. The net Si crystal free energy cha
due to nucleation of a dislocation loop is

DGd5pRd
2g1Rd

mb2

2~12v ! S ln
8aRd

b
21D

2
pRd

2b

V
KBT ln

Cv

Cv
eq. ~8!

The energy of the defects are defined by Eqs.~2! and~8!
by considering the equilibrium conditionCv5Cv

eq. We have
calculated the defect energy by using the parameters:V52
310223cm3, s51230 ergs cm22, g560 ergs cm22 for the
faulted dislocation loop and 0 ergs cm22 for the perfect dis-
location loop, m56.4531011 dyne cm22, v50.228,a54,

FIG. 11. p-BS spectra of samples implanted with 100 k
131017 cm22 and 40 keV 331016 cm22 obtained for the as-
implanted sample~a! and after annealing at 1000 °C for 5 min~b!.
For comparison a not-implanted~background! and the simulated
spectra are shown. The surface position of Si and He are indic
by arrows.
f
le-
e

b53.13531028 cm for the^111&/3 Frank partial dislocation
loop and 3.8431028 cm for the ^110&/2 perfect loop. The
results are reported in Fig. 12. Voids containing less tha
3107 vacancies~'50 nm in diameter! are the most stable
defect. Even after very high temperature annealing for lo
time ~1200 °C for 5 h! the larger void was less than 50 nm
i.e., it is unlikely that when formed, even after helium d
sorption, voids collapse in different defect type.

V. CONCLUSION

An enlargement of a bubble layer formed by high dose
implantation has been systematically observed when a
ond implant is performed. This is due to He vacancies int
action. Helium is repelled by vacancies and forced to
enhanced diffusion during implantation. Helium atoms a
instead trapped by divacancies stabilizing them and favo
their evolution into more complex He-V clusters at tempe
ture up to 400 °C. The displaced silicon atoms, produc
during implantation, recombine at the surface in the sa
range of temperatures. The result is a supersaturation of
cancies in the silicon bulk, contrary to the ordinary ion im
plantation and annealing. This vacancy supersaturatio
also responsible of the secondary defect suppression.

Clusters of vacancies evolve in bubbles only if their d
mension overcomes the critical radius. Voids with a few p
cent of originally implanted helium atoms remain also af
He desorption. This is because the void is a stable defect
its energy is the lower respect other defect accommoda
of vacancies. The vacancy supersaturation in voids is
served even after thermal treatment at 1200 °C for 5 h.
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