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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 He" implants in Si. Several analytical techniques have been adopted: photolumine&ekyndru-
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.

I. INTRODUCTION relevance of the main factors involved in the bubble forma-
tion, i.e., the radiation damage and the short and long range
Helium is known to agglomerate into bubbles when im-migration of the He atom¥
planted in metals® or in semiconductor$? In the past, due The supersaturation of noble gas atoms in the lattice leads
to the technological interest, these studies have been devotgéal formation of bubbles via an interaction with the radiation
to understand the effects on the first-wall materials in a fudamagée®®!’ Helium atoms in silicon do not occupy substi-
sion or fission reactor environmehtt tutional sites but if by chance they are located in a vacancy
Recently, the investigation of He-bubble formation in Sisite, they move to interstitial positions to minimize the free
and the subsequent transition to voids by thermal annealingnergy according to molecular dynantlD) calculations'®
has received a lot of interest also in view of possible appli-Helium is strongly repelled by monovacancies. The electron
cations in silicon device fabrication. Voids can be obtaineddensity, associated with the reconstructed bonds surrounding
implanting other light species, however, helium presentghe vacancy, results in Pauli repulsion with the helium filled
many advantages: due to its high permeability it evaporateslectron shelt®1°The most stable configuration corresponds
easily from the silicon wafer while, being an inert gas, doeso a helium atom in an interstitial site far away from the
not interact with silicon atoms, so that no impurity is left and vacancy. Helium atoms form instead a stable complex with a
chemical interactions are avoided. divacancy or a vacancy clusters according to photolumines-
Voids have been demonstrated to be a powerful defect forence measurements and MD calculatibh§hese proper-
gettering transition metafs'® On the void internal surface ties we believe are quite important for bubble formation.
dangling bonds, strongly interacts with point defects, so that In this work we investigate the role played by vacancies,
they affect the impurity diffusivity and the secondary defectinterstitials and helium atoms during bubble and void forma-
formation and evolution! Moreover, voids introduce deep tion. In particular, we will follow the evolution of vacancy
levels in the silicon band gap and this property can be usedlusters, induced by irradiation, during subsequent thermal
to control the minority carrier lifetime in power devicEs!®  treatments and we will clarify the role of helium atoms to
He bubble and void formation indeed is a quite complexstabilize them and to allow void formation. This evolution is
phenomenon and involves several elementary mechanismguite peculiar of helium implants and differs substantially
So far, exploring all the peculiarities of the phenomenon androm that occurring during the annealing of the usual dopant
using several techniques, many experiments have been capecies. The comparison allowed us to understand the rea-
ried out and interesting data accumulated. Recent results okens of a different equilibrium final condition for the residual
tained by He implants in Si targets at different temperatureslefects. Finally, an explanation of the secondary defect an-
(from 77 to 700 K have clarified the role and the relative nihilation when voids are formed in silicon is given.
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Il. EXPERIMENTAL DETAILS V concentration (cm'3)
1x10%  2x10%

22

3x1 %.0

Czochralski grown(100) silicon wafers were implanted :
with He atoms at energies between 20 and 300 keV and ini.:
the 3x 10~ 1x 10" cm 2 dose range. The sample tempera-

10.1

ture during implantation was maintained at #®°C by 102 9
using a thermocouple in contact with the sample surface and =
a feedback system. All the implants were performed at a 198 =
fixed dose rate of JuA/cm?. loq 2

The annealings were carried out in the temperature range
between 200 and 1200 °C by using a horizontal conventional 00
furnace under a continuous nitrogen fli&I/min). The tem-
perature ramp during the heating and cooling stage was
10 °C per minute. FIG. 1. TEM cross section of an as-implanted sample with

The change in volume, caused by the implants, and th@0keV 1x 10" cm 2 He ions. The depth profile of He and vacancy
void formation were studied by forming adjacent stripes ofdistribution as obtained by srim calculation is reported for com-
implanted and unimplanted regions using a photoresist masRarison.

1.5 um thick. The helium ions, at energies lower than 80

keV, are stopped in the mask. The resist etching was peg€onfiguration, i.e., along thg¢110] direction, or with two
formed in plasma to obtain 87°-sidewall mask. Solvents werdeams, i.e., the transmitted beam and(@%9) or (111) spot
used for the final resist removal to avoid damaging the sili-exited for cross or plan view analyses, respectively.

con surface and the generation of artifacts. Unimplanted
samples, used as reference, do not show any step or surface
artifact introduced by lithography or sample preparation it-
self within the sensitivity of atomic force microscopy
(AFM). The AFM equipment used was a Digital Instruments  Helium implants in silicon, at fluences higher than
Dimension 3100 and measurements were carried out in tag-x 10*cm™2, induce bubble formation. This critical fluence
ping mode. increases with ion energy because a local helium concentra-

The He content was determined by p-B@oton back- tion of 3x10?°cm~3 should be reached. Bubbles can be
scattering spectrometryusing 2040 keV\H* beant®?! ob-  observed directly by TEM analyses. As an example, the
tained from a 5 MeV van de Graaff accelerator of KFKI cross section image of a sample implanted with
Research Institute for Particle and Nuclear Physics. The ioR0 keV He"-1x 10" cm ™2 is reported in Fig. 1. In the same
beam was collimated to 0:31 mn? and a current of about figure the depth profiles of vacancies and He are reported as
10 nA, as measured by a transmission Faraday cup, wasbtained bysriM calculations’* Bubbles of 4-5 nm in di-
used®? The p-BS experiments were performed at 1ameter are localized at a depth shallower than thé pte-

X 10~ 4 Pa vacuum using a 25 nffRTEC detector at 165° jected range, in a region where instead the radiation damage
scattering angle with a solid angle of 2.55 msr. The intepeak is located according &RiM calculations. The bubble
grated charge of each measurement wag@0To improve  band extends between 60 nm and 088 from the sample
the depth resolution of the measurements, the sample wasirface. In the near surface regid®etween 120 and 230 nm
tilted with an angle of 75°. Spectra were analyzed byrRBe  a higher density of bubbles is present. This layer is situated
program?® where a high vacancy concentration is located according to

PhotoluminescencéPL) measurements were performed srim. A second layer with a lower bubble concentration ex-
by pumping with the 488-nm line of an Arion laser. The tends from 0.23 to 0.3mm. At deeper depth no bubble is
pump power varied between 0.01 and 200 mW over a circuebserved. The transition region between the presence and the
lar area wih a 1 mmdiameter and the laser beam was me-absence of bubbles is quite sharp and they are accumulated
chanically chopped at 55 Hz. The luminescence signal waap to this border with no exception. The same characteristics
analyzed with a monochromator and detected with a liquichave been observed for implants at energies in the 20—300
nitrogen cooled Ge detector. Spectra were recorded usinglkeV range.
lock-in amplifier with the chopper frequency as a reference. We have investigated by TEM analyzes the bubble distri-
Luminescence lifetime measurements were performed bpution in as-implanted samples when two He implants at
monitoring the decay of the PL signal at 1.24n after different energies were performed in the same samples for
pumping to steady state and mechanically switching off theseveral combinations of doses. In the following we describe
laser beam. The overall time resolution of our system is othe results obtained in several experiments performed by im-
30 us. Low-temperature measurements were performed bpglanting sequentially He at different energies. The He bubble
using a closed cycle liquid He cooler system with theregion has been observed in the TEM before and after the
samples kept in vacuum. second implant. The width of the region containing the

A Jeol 2010 Fx microscope operating at 160 kV was usedubbles formed by the first implant increases in all the in-
to carry out transmission electron microscofyEM) in  vestigated cases after the second implant. In particular,
cross section or plan view thinned samples. Standard samplaibbles are observed to form at the far-away border of the
preparation by mechanical thinning and subsequent ion millfirst and deeper implant even if the energy of the second
ing was used. Analyses were performed both in the polémplant is quite lower than the first one, so that the two He

. . o5

2.0x10”° 4.0x10° 6.0x10%°
. -3

He concentration (cm™)

Ill. SUPERSATURATION OF VACANCIES BY He
IMPLANTS
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1.2x10% Py — has been calculated as 1.2 eV, and it is nearly equal to the
. bubble layer activation energy for diffusion of isolated helium interstitials
2 1T N\ (0.84 e\).*° This fact suggests an unusual mechanism for the
= goxig® | Bulklimit of bubble layer enhanced diffusion of the helium impurity: the implant itself
£ 100 keV 3x10™ Hefom' | < causes an above-equilibrium flux of vacancies from the sur-
‘§ 6.0x10% 1 8 face into the bulk, the vacancy-He repulsion is large enough
§ soto® b0 kv oo e 8 to overcome the barrier for diffusiofl. The helium intersti-
2 40 keV 3x10"® He/om? tials are S|mply_ pusheql and dragged into the_ b_ulk py the
2.0x10® F wave of vacancies coming from the surface. This implies the
oo existence of He atoms inside the as-implanted samples not

00 01 02 03 04 05 06 07 08 09 10 14 12 trapped in _bubbles but just dissolved in the matrix in inter-
Depth [um] stitial position. Indeed, their presence in very simple He-V
clusters not visible in TEM has already been deduced by He
FIG. 2. Depth profile of helium and corresponding vacancy pro-desorption analység.
file as obtained byrim calculation for a He ion implantation at 100 Helium atoms instead are stable in a complex with a neu-
keV with a dose of X10'®cm™2. The extension of the bubble trg| divacancyl_g The large drop in energy resulting from the
layer, obtained by TEM analyses, is also reported for the asformation of a He-divacancy complex suggests that, if the
implanted sampléfrom the continuous vertical line to the vertical temperature needed to induce divacancy diffusion is reached,
dashed ling and after a second implant at 40keVxX30'°cm™® oy seek out and trap He interstitials. The trapping itself
(from the continuous vertical line to the vertical dotted Jine involves no activation enerfﬂ/ and it occurs by divacancy
migration during ion implantation itself. This mechanism
distributions are well separated. This is a quite surprisingsuggests that the bubbles formation efficiency is limited by
result, but it was obtained for several combinations of enerthe number of divacancies present in the sample and that it
gies and doses of the two implants. The results of a typicatan be improved if a larger amount of vacancies is available
experiment are illustrated in Fig. 2, they refer to a doubleduring or immediately after the He implant. The second im-
implant performed in the following sequence 100 keV plant creates an additional flux of vacancies that can induce
He"-3x10"%cm 2-40keV 3x 10'cm 2. The bubbles after further and deeper bubble formation in the presence of a still
the first 100 keV Hé implant are located at a depth ranging substantial helium concentration. The vacancy trapping is
from 0.55 to 0.85um from the surface, respectively. The then only limited by the He concentration. This effect has
second implant induces the formation of bubbles deeper upeen recently noticed in double Hand H' implants used
to 0.95um, maintaining the near surface depth to 0/58.  to obtain the exfoliation of Si layers in S@silicon on insu-
The full line represents the vacancy concentration as calcuator) application. H& and H" coimplantation results in a
lated by srim after the 100 keV implant, while the dotted reduction of the total ion implantation dose necessary for
line the helium concentration depth profile. This profile is in exfoliation2%27
good agreement with that extracted from p-BS measure- The presence of helium inside the bubbles has been de-
ments, as shown later. duced by photoluminescence measurements. As-implanted
The borders of the bubble layers determined by the TEMsamples do not give any well-defined peak due to the high
analyses are indicated, for simplicity, as vertical lines. Inlevel of damage, but just a broad peak around 1324 nm.
particular, the near-surface border, that does not change aftgfter an annealing at 250 °C fd. h several peaks appear as
the second implant, is shown as a continuous line, while thghown in the spectrum of Fig.(&. In the same figure a
dashed line refers to the deep border after the first implant gshotoluminescence signal of a Si self-implanted sample is
100keV 3x10*cm 2, and the dotted line to the deep bor- reported for comparison. The peak at 1216 nm is due to
der after also the second implantat 40keV 3 divacancies. Helium inside divacancies perturbs only slightly
X 10*%cm™?), respectively. the reconstructed defect according to molecular dynamics
The bubble layer formed during the first Hémplant is  calculations and a strain-based motfe® No change in the
centered round the calculated vacancy distribution. The se&lectronic configuration occurs, but the reconstructed bonds
ond implant enlarges the bandwidth, as observed by TEMre just weakened. So, only a slight shift of the main peak is
analyses, toward the bulk. We performed many double imexpected. The PL spectra reported in Fi@) 3how two very
plants changing the implant energy sequence but we alwaydose peaks at 1216 and 1225 nm, respectively. We may
observed an enlargement of the preexisting bubble band tattribute them to divacancies and to divacancies filled with
ward the inside bulk. Moreover, the observed increase in thlelium atoms, respectively. We observed the double peak in
bandwidth is proportional to the fluence of the second im-samples implanted below and above the critical dose to ob-
plant. The same enlargement was observed for a second §trve bubbles directly by TEM.
self-ion implantation. These results clearly indicate that he- The broad peak, around 1324 nm, was not detected in
lium atoms interact with point defects generated during theself-implanted Si samples, or samples implanted below the
implant. We believe they are vacancies. critical dose. The only structural difference observed by
During implant both vacancies and interstitials are formedTEM analyses in the samples is the presence of the bubbles.
in the crystal. Soon, they spread in the samples, diffusing t&o we can relate this broad peak as signal of vacancy clusters
the surface and in the bulk, till they annihilate or they arefilled with helium (bubble$. The wide peak is due to the
trapped into more complex defects. The magnitude of théarge variety of cluster sizes present in the sample. The
repulsion energy between a monovacancy and a helium atogouble peak disappears at temperatures higher than 300 °C,
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SN the stripe width.
400 | -
" - __,——" RN planted samples and we measured the step heights on as-
200 AN implanted and unimplanted regions as a function of the strip
AN width for several doses. The results are reported in Fig. 4.
/ ; | S 1 The step height increases with the width, and a saturation
0 oo te ‘ ' value is reached for values above 3. At a width shorter
1100 1200 1300 1400 than 3um we have to consider in more details the influence
Wavelength (nm) of a finite source of defects in the final profile. Indeed, the

diffusion of point defectge.q., interstitialsis isotropic and it
FIG. 3. Comparison between photoluminescence spectra for h&séan be modeled as one-dimensional only when the affected
lium and Si as-implanted samplé®. Photoluminescence spectra of vertical dimension is quite negligible in comparison with the
the He implanted samples annealed at different temperatures for 1lateral extension of the source. In this case, the lateral diffu-
(b). sion below the mask region does not contribute significantly
. . . . to lowering the peak concentration, so that the diffusion of
222; i:gg:i Zesilésse;:;%rl\ée:ﬂi égéé g_rq’r:':r’ma; d}l;:'g@d'Ve%i'efects can be dgscribed in t(_arms.of an infini'ge source. More-
' over, the saturation step height increases linearly with the

Fig. 3b)]. The broad peak at 1324 nm increases in amp“tUd?mplanted dose suggesting that the phenomenon is directly

and it is better defined. At 400°C, also the peak l"‘SSOC""‘tepeIated to helium implants and to bubble formation. For an

with divacancies disappears, while the peak at 1324 nm now . ) :
is well defined and narrofiFig. 3(b)]. In summary at tem- Implanted dose lower than the critical dose required forming

perature lower than the annihilation of divacancies, divacanpUbbles already visible in TEM analyses no step could be

cies filled with He evolve in more complex He-V clusters detected by AFM measurements.
. ) re comples o In Fig. 5 the saturation step height value is plotted as a
It is well known that divacancies, in ion implanted silicon

: : , * function of the annealing temperature for several doses. The
. > )
disappear at temperature higher than 356®Ouring ther step height remains constant up to 800 °C for the higher im-

mal processes vacancies recombine with silicon self- 6.
interstitials emitted by interstitials clusters. AsupersaturatlorP lanted doses6x 10°°cm ?) and then decreases. How

) R 7 . ever, at 800 °C almost all the He atoms already left Si and
of interstitials is surviving, being the balance between vacan- id f d i in TEM Di
cies and interstitials in favor of the latter when implanting voids are formed, as easlly seen in - pictures. .

. ST 2 In Table I the silicon atoms contained in the step height
substitutional species in silicon. Indeed, extra atoms are in-

troduced in the crystal during ion implantation so that the

annihilation of vacancies with interstitials produce the va- | = 80KeVOX10®Hecm® - 80 keV 3x10 He om)
cancy dissolution and the formation of interstitial type re- oL e 80 kev 6x10™ He cm®  —v-- 40 keV 3x10" He om?
sidual damage.

This has not been observed when helium is implanted inE | =%
silicon. Indeed, vacancy type defects are observed even aftes 15
very high temperature treatments. Apparently, the presence2

h\*/'*
’

of helium inside divacancy stabilizes them in energy and a2 19} %o g T T T i

. . . . [
different evolution is observed. Probably, by a mechanismg | L
similar to that operating in metaf§ divacancies evolve into 5L I A Ii ________ T F -
more complex He-V cluster¢bubbles while at the same ¥ A x

time self-interstitials recombine elsewhere.

Si self-interstitials diffuse very fast even at room tempera- " 0o 00 500 800 1000 1200
ture so they can be trapped bpth in the radiation damage Temperature (°C)
close to bubbles, as observed in TEM analyses around the
projected range, or at the silicon surface. To determine if Si FIG. 5. Saturated step height of helium implanted stripes as a
atoms accumulate at the surface, we prepared “striped” imfunction of annealing temperature.
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TABLE I. Si atoms in the step volume are compared with va-
cancies trapped in the He bubbles for several He implanted
samples.

Si atoms Vacancies
in the step in the
Sample volume[cm 2] bubbles[cm 2]
80 KeV 9x 10 cm2 6% 10 1x10Y
80 keV 6x 10 cm™2 3x10t° 3x10°
80 keV 3x10*cm™2 1x 10 1x10'%
40 keV 3x10*cm™2 1x 10 1x10'%

volume up to 800 °C annealing are compared with the corre-
sponding vacancy volume of the voids as determined by
TEM analyses. The comparison suggests a strong correlation
between the silicon missed in the bulk and that trapped at the
surface. However, a difference is found for the highest im-
planted dose, and it can be due to strain of the void layer and
to a stressed silicon layer.

The step in the implanted region might be caused by the
presence of defects in the lattice. To explore this possibility
we performed single crystal x-ray diffractidiXRD) on the
annealed samples and the measurements indicate that within
the sensitivity limit of the technique, no residual stress is
present. Indeed, depth resolved double crystal diffraction FIG. 6. Cross sections TEM analyses of striped samples im-
(XRD) measurements reported in the literature show th@lanted with 80keV 6 10°cm™? (a) and 9x10°cm (b).
presence of strain at the depth where He is located in the
as-implanted samples due to their higher sensitfitjow-  than 300 °C, only interstitial type defects are observed. Some
ever, this strain is relaxed in a few nanometers for a dosénterstitial clusters remain at even higher temperatures en-
lower than 5< 10**cm ™2 and it disappears during the subse- larging in dimensions and formingg11} defects at tempera-
quent annealing. At higher doses it increases dramatically, fures around 800 °C. At higher temperatures, these defects
does not relax during annealing and can induce silicon cutgenerate an interstitial flux and collapse in extended
ting for fluences<1x10'cm 2 Our measurements indi- defects’® The same trend has been observed for all the im-
cate that the silicon atoms displaced by the bubble formatioplants of impurities that occupy equilibrium substitutional
accumulate at the surface. This causes a bulk supersaturatifzttice sites. In summary, ion implantation and annealing
of vacancies, trapped in the bubbles. At the highest dosproduces a supersaturation of interstitials in the silicon bulk.
some strain is detected, but it cannot be quantified, and inAfter high temperature annealings, interstitials in excess of
deed the missed silicon in the buikoids) alone cannot jus- vacancy concentration, are accommodated in extended de-
tify the step height. fects formed in the bulk. This situation is illustrated sche-

With increasing the He fluence a different evolution of matically in Fig. 7a) for a low dose helium implantation in
damage was observed by TEM analyses. In Fig. 6 the TEMilicon, i.e., in the case where bubbles are not formed. The
cross sections of samples implanted witk 80'°cm 2 (&)  number of defectper ion was determined by considering
and 9x10'%cm™2 (b) after 1200°C 20 min annealing are 10% of the displaced silicon atoms calculated &gim,
shown. Up to 6 10'cm ™2 only a void layer is observed. At which does not consider any recombinatférhe reported
the higher dose several dislocations are also formed particiemperature behavior is assumed analogously to similar
larly in the lateral sides of the void stripe. These defects weases * The remaining number of interstitials after 400 °C
believe are responsible of the difference reported in Table &nnealing was determined by TEM analyses on annealed
for the highest dose, between the amount of vacancies in threamples.
voids and that of silicon atoms in the step. In the case of high dose helium implants, i.e., when

Si self-interstitials are also trapped in the silicon layerbubbles are formed, a supersaturation of vacancies is created
above the void layer. At higher temperatukes800 °C the  as reported in Fig. (b). The vacancies are included in clus-
layer is relaxed and extended defects are observed at the stiggs eventually filled with helium atonibubbles. Their den-
border(see Fig. 6. Self-ion implantation in crystalline sili- sity and dimension was determined by TEM analysis calcu-
con produces point defects as vacancies and self-interstitial@ting the number of vacancies/ion. This number increases
Most of the vacancies and displaced atofm®0%) recom-  with the dose. Interstitial type defects have been observed at
bine during the implant itself. The remaining ones agglom-temperatures up to 800°C. For annealing temperatures
erate in more complex defects as divacancies, vacancies aadound 800 °C and for a short time, a1 defects have
interstitial clusters. During annealing, divacancies and vabeen observetf However,{311 defects do not collapse in
cancy clusters dissolve in the bulk recombining with Si self-extended interstitial type defects. Indeed, the void formation
interstitials released by the clusters. At temperatures highénvolves dissolution of interstitial type secondary defééts.
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As an example TEM cross sections of samples implanted
with 100 keV 1x 10°cm 2 and with 40keV 3« 10%cm2
after a high temperature annealing are reported in Fig. 8. At
the threshold dose for bubble formation X10%cm 2),
both extended defects and voids are observed. Above thresh-
old only voids are observed. In the first case the vacancy-
interstitial balance is not yet clearly behalf of vacancies and
a hybrid situation is observed. When vacancies superimpose F|G. 8. TEM cross sections of a sample implanted with 100 keV
interstitials concentration no interstitial type defects is any-1x 10'%cm 2 (a) and with 40 keV 3< 10*cm™2 (b) after high tem-
where observed. perature annealingL000 °C 1 h.

IV. VOID FORMATION AND STABILITY Thus, the net Si crystal free energy change is

We have seen that He implants induce heterogeneous 47-,R§

nucleation of V clusters. They take place by the interaction AG,=47R%0 KgT In
o X o 3Q
of He with divacancies and by the subsequent evolution in

more complex He-V agglomerates. This nucleation phase This energy is zero foR,=0, rises to a maximum value

ﬁqac::etéﬁIgfzcrr:g(rarﬂclr:;a(\jlgfj?;ﬁo(r)\glyHbngce?to de'eSt;g Egdgr 'ZAG(,‘ at the critical sizeR,=R} and then decreases. At the
y ' ' 9 nergy maximum the condition

number of atoms involved a so detailed description has not

c,
cy

. 2

been so far achieved. The classical nucleation thédsy d(AG,)
sufficient at this point to describe the formation of voids in - 3)
silicon. Ry
Assuming a void to be a sphere of radies, in forming  yields
it, the crystal free energy is increased bym\z,a, whereo is
the Si surface energy. The number of V trapped in a void is « 20()
47R3/(3Q). At the V concentration per unit volumé,, Ry = o\ )
the chemical potential of a vacancy IKgT In(C,/C9), KgT |n(C—3q)

whereKj is the Boltzmann’s constarit,is the absolute tem-

perature, an€{’is the V thermal equilibrium concentration. The V concentration,C, is obtained by considering
Hence, the change in the crystal free energy due to V cong.6*®, i.e., the factor determined from the experimental val-
sumption can be written as ues(see Fig. 7 multiplied for the He implanted fluencé.

4R The V thermal equilibrium concentratic®;%is given by

3
(S—Q) KBTln(C_sq) . (1) qu:NXefEV/KBT, (5)
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function of the annealing temperature for two different
doses, one below and the other above the critical dose for
void formation. Below the critical dose (10'%cm™2) He
desorption is observed at a temperature up to 300 °C. In this
case the most of He atoms are trapped with divacancies, as
observed by photoluminescence, but, due to the low He con-
centration, they cannot evolve in more complex He-V clus-
ters. So, when helium desorption occurs, divacancies are left
in silicon. They evolve as it is well known, and already de-
scribed.

J When bubbles(He-V clusters observed in TEMare

4 present in the sample the He desorption is retandgdto

| —-—-1x10"° He cm* b)

0.4
1x10"° He cm™® : 800 °Q so that large vacancies clusters are left after He de-
~ 0.3 1x10"7 -2 . sorption and moreover at temperatures when interstitials are
c | — — -1x10" Hecm | alread ) . . . )
= y arranged in energetically stable configurations. In
S 02r 7 deed, we could never observe voids if we could not be able
g I PRt to observe He bubbles in the as-implanted samples by TEM
0.1 ] analysegresolution better than 1 nm
I . . . ] During annealing at temperatures higher than 300 °C, he-
0.0 200 400 600 800 lium permeates from bubbles above 700 °C desorbs from the
Temperature (°C) sample. In Fig. 11, the p-BS analyses of a double implanted

sample with 100 keV X10cm 2 and with 40 keV 3
FIG. 9.C,/C8%(a) andR* (b) versus the annealing temperature X 10*®cm™2 is reported for as-implanted samples and af-

calculated as described in the text. ter annealing at 1000 °C, 5 mifb). Without annealing, the
same amount of implanted helium was also measured in the
whereN is the density of siliconN=>5x 10%?at/cnr. sample. After an annealing at 1000 °C, 60% of the helium

In Fig. 9(a) the C,/C%%ratio versus temperature is drawn left the siIiC(_)n as we could obtain by the decrease of the_ He
for several fluences covering the entirely adopted implanPeak area in p-BS analyses. A few percent of the helium
range. The values used for the calculations d4fe  remains also after longer annealing. This residual amount of
—3.65 eV3® 0=2x10 22cm?, ¢=1230ergscm® The helium cannot justify by itself the stability of voids. Indeed,
R* values versus temperature are reported in Fig) gor the voids are unlikely to transfor_m in other defects. The rea-
the same implanted doses. The critical radius at the implar2®n €an be deduced by comparing the calculated energy for
tation temperature is of the order of 0.1 nm. Indeed, V-HeS€Veral vacancy type defects.
clusters are present in the He as-implanted silicon also at hen a void is formed equilibrium is reached so that the
doses below the threshold to form voids after annedfiriy.  Vacancies trapped in the voids do not participate to the con-
During thermal treatments He desorption occurs and V clusSentration of vacancies in the Si crystal. From E2).we can
ters are left in S#° The V clusters transform into voids only ©OPt&in
if their dimension overcome the critical radilg , other-
wise they dissolve. However, the calculated critical radius AGy=47R{o. (6)
value is too small, so that in principle all clusters should
grow. This is not observed experimentally. The reason, as The other likely vacancy type defects are dislocation
explained in details in the following, is in the role of He in loops. The energy of a loop of radiglthat may or may not
the He-V clusters. contain also an intrinsic stacking faulSF is given by

In Fig. 10 the He retained in the sample is reported as arRd2y+27Rd(I'/L), where y is the intrinsic SF energy

density,I'/L is the edge dislocation elastic and core energy

100 - : r ' —— per unit lengtA°
. o - -O-- >1x10"°He/cm”
& 80r By o <1x10"He/cm®] r pb? 8aRy
® \ E=4w(1_v)(ln b 1). (7)
S 60f = -
£ o
2 a0f AN i Here u is the shear modulus of S, is the magnitude of
g Y the dislocation Burgers vector, taken to be perpendicular to
£ 20} o AN . the loop planey the Poisson’ ratio, and is a dimensionless
_cll__g ! \o\ b ! parameter.
. L O~n y O em Thus, formation of a dislocation loop causes an increase of
0 200 400 600 800 1000 1200 the crystal free energy. On the other hand, a certain number
Temperature (°C) of vacancies is consumed which results in a decrease of the

crystal free energy. The number of V consumed in forming
FIG. 10. Measured He in the sample as a function of the anneathe loop ismRy2b/Q, where() is the volume of one V. At
ing temperature. the V concentration per unit volumeg,, the chemical poten-
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Detected energy [keV] 10" . . [T TP rTI—T-r TrI—TrrreY —
500 1000 1500 2000 10°F voids ' 2]
T T T T T T T T v
~ . sf —— - perfect loop i
ao000] 2040 keVp BS, impl. 7 < 10 —--— faulted loop
| =165 it 75’ background 2 ok ]
T 400 He 3
o B = &
€ 30000 simulated e e 10°F 1
g He / [) 5 f ]
3 | 5 10°F *
2 | Si | -% 4
8 20000 K 10°F -
2 3
ke] 10°F 1
;—f 10000~ - 10° r . . . " . .
] @ 10° 10° 10 10° 10° 10" 10®° 10° 10" 10" 10"
a
O_M ; . o Vacancy number, n,
100 200 300 400 500
Channel number FIG. 12. Defect energy for a void, a perfect loop, and a faulted
loop versus the vacancy number.
Detected energy [keV]
500 1000 1500 2000
' ' ' ' | —— ' b=23.135< 10 8cm for the(111)/3 Frank partial dislocation
400007 2040 keV p-BS, | impl.+ann. | loop and 3.8%4 107 8cm for the (110/2 perfect loop. The
_ | o=165 1ilt 75° background | | . . . .
= 010 He results are reported in Fig. 12. Voids containing less that 4
§ aoo00] simulated | %10’ vacancies~50 nm in diametérare the most stable
S _ defect. Even after very high temperature annealing for long
*"g’ 20000 si | time (1200 °C for 5 h the larger void was less than 50 nm,
8 i.e., it is unlikely that when formed, even after helium de-
z sorption, voids collapse in different defect type.
L .
< 100007 .
®)
0 e e V. CONCLUSION

100 200 300 400 5(’)0
Channel number An enlargement of a bubble layer formed by high dose He
FIG. 11. p-BS spectra of samples implanted with 100 keVimplantation has been systematically observed when a sec-
1x10"cm 2 and 40keV 3<10cm 2 obtained for the as- ond implant is performed. This is due to He vacancies inter-
implanted sampléa) and after annealing at 1000 °C for 5 mi)).  action. Helium is repelled by vacancies and forced to an
For comparison a not-implanteghackgroundl and the simulated enhanced diffusion during implantation. Helium atoms are
spectra are shown. The surface position of Si and He are indicatggstead trapped by divacancies stabilizing them and favoring
by arrows. their evolution into more complex He-V clusters at tempera-
ture up to 400°C. The displaced silicon atoms, produced
tial of a vacancy iKgT In(C,/C{?). Hence, the crystal free during implantation, recombine at the surface in the same
energy is decreased byrRy2b/Q)KgTIn(C,/Cy%. Thisis  range of temperatures. The result is a supersaturation of va-
valid only if C, does not change significantly due to its con- cancies in the silicon bulk, contrary to the ordinary ion im-
sumption of vacancies to form dislocations, i.e., forpjantation and annealing. This vacancy supersaturation is
pamR42b/Q)<C, holding, wherepq is the volume density of 3150 responsible of the secondary defect suppression.
dislocation loops. This condition is satisfied at the stage of c|ysters of vacancies evolve in bubbles only if their di-
nucleation and therefore can be used to determine the nuclgsension overcomes the critical radius. Voids with a few per-
ation energy barrier. The net Si crystal free energy changgent of originally implanted helium atoms remain also after
due to nucleation of a dislocation loop is He desorption. This is because the void is a stable defect and
its energy is the lower respect other defect accommodation
ub? (I 8aRy 1) of vacancies. The vacancy supersaturation in voids is ob-
)

AGy=mR3y+ Rdz( served even after thermal treatment at 1200 °C for 5 h.

1-v b
7R3b C,
——q KeT In ce- (8) ACKNOWLEDGMENTS
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