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We present a detailed study of the comparative thermal evolutions of H- and D-related defects in silicon
implanted with 2 X 10' H or D/cm?, or coimplanted with 0.25 X 10' He/cm? and 0.7 X 10'© H/cm?, in both
orders. By using ion channeling, positron annihilation spectroscopy, and Raman scattering spectroscopy, we
found that hydrogen and deuterium interact remarkably differently with primary point defects. He post im-
plantation is found to destroy vacancies highly passivated by hydrogen, whereas He preimplantation acceler-
ates their evolution into atomically smooth internal surfaces. By comparing different systems, subtle points in
the interactions between the implanted atoms and point defects are evidenced, and critical defect complexes
involved in silicon blistering are identified. Finally, the origins of the isotopic and synergistic effects observed
in low energy ion-induced silicon blistering are discussed.
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I. INTRODUCTION

Hydrogen-related effects play an important role in semi-
conductor physics and technology. The subject has been re-
viewed several times over the years (Pearton et al.,' Myers et
al.,* Cerofolini et al.,>* Van de Walle,’ Estreicher,® and Jones
et al.”). In particular, hydrogen is known to passivate dan-
gling or defective bonds. In the bulk, this serves to remove
undesirable levels in the band gap; on the surface, it is used
to protect against oxidation in preparation for various pro-
cessing steps such as thin film deposition; and at the Si-SiO,
interface it ensures a defect-free frontier. Hydrogen also
forms complexes with impurities, including intentionally in-
troduced dopants, and can deactivate their electrical activity,
with positive or negative consequences depending on the
case. Finally, H-ion implantation, and also He-ion implanta-
tion, can produce gas-filled cavities. These have two appli-
cations: one is the gettering of unwanted heavy metal impu-
rities, the second is “ion cutting,” which, together with wafer
bonding, is used in silicon-on-insulator fabrication and other
heterogeneous integration processes. One of the principal
methods of introducing hydrogen in solids is ion implanta-
tion, which unavoidably produces radiation damage. Under-
standing the evolution of hydrogen and helium irradiation
induced defects is thus vital in order to be able to control the
processes cited above.

The present work is concerned with hydrogen blistering
of silicon,®? in relation to the technology based on this phe-
nomenon, ion cutting.!® Blistering is known to occur in a
large variety of semiconductors, silicon being the prototypi-
cal one. It may take place either as a result of high dose
implantation (over 10'7 H/cm?) at room temperature (RT),
or following thermal annealing of wafers implanted with
more moderate ion doses, e.g., a few 10'© H/cm?. It is the
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last case we are interested in. Moreover, we have focused on
blistering by low-keV ions, as the trend to miniaturization
inevitably leads to implantation at shallower depths using
lower energy ions. Exploring the limits of a phenomenon
may also lead to new effects.

The study of the thermal evolution of defects has clarified
several major points in relation to blistering.3*8%11-20
(Rather than reviewing these works here, it will be easier to
cite them in connection with the different points in our dis-
cussion.) In spite of all this work, new phenomena remain to
be discovered or explained. For instance, in order to single
out the contribution of defects, isotope substitution has been
used in the study of blistering, based on the fact that deuter-
ons produce more than twice as many Frenkel defects as
protons (the exact numbers depend on the ion energy). Large
differences were indeed found between H- and D-ion-
induced blistering: D-induced blistering, unexpectedly, re-
quires two to three times higher ion doses than H
blistering.?! Another intriguing effect is that implantation of
a tiny dose of He ions prior to H-ion implantation allows
blistering at much lower total ion doses.?>%’

A first detailed study of the comparative evolutions of H-
and D-related defects was carried out by looking at the
Si-H/D stretch modes using Raman scattering spectroscopy
(RSS).?® This technique is strictly sensitive to those defects
which are passivated by H/D atom attachment to dangling
bonds. In the present paper, we report further studies using
(I) Rutherford backscattering in the channeling mode
(RBS/C) and (2) positron annihilation spectroscopy (PAS).
The first of these techniques detects lattice atoms displaced
away from their crystalline sites.?® It is therefore very sensi-
tive to interstitial defects but much less so to vacancies; lat-
tice distortions can also give rise to a significant RBS/C sig-
nal, which will turn out to be important here. For its part,
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TABLE 1. Mean projected range R, range standard deviation
AR, peak ion concentration (normalized to 10'® jon/cm?) Cpay.
depth of peak energy deposition into recoils R;, peak value of en-
ergy deposition into recoils (normalized to 10'¢ ion/cm?) E,
and vacancies per ion, calculated by the code SRIM2003 (Ref. 31).

Parameter Ion

H(5keV) D (5keV) He (8 keV)
R, (nm) 76 92 90
AR, (nm) 29 37 39
Cpnax for 10'° ion/cm? 32 2.1 2.0
(at. %)
R, (nm) 50 67 64
E max for 101 4.0 9.6 43
ion/cm? (eV/atom)
Vacancies per ion 6.8 19.5 78.5

PAS (Ref. 30) is sensitive to regions of low electron density,
i.e., voids in the lattice, whether they be vacancies or larger
structures such as platelets'! and bubbles; it is therefore quite
complementary to RBS/C. In order for the paper to be self-
contained and for the comparison to be complete, some of
the main RSS results will also be recalled.

II. EXPERIMENTAL DETAILS

Cz-grown n-type (001) Si wafers (1—10 ohm cm resistiv-
ity) were cut into 1 cm? pieces and ultrasonically cleaned
with solvents. Many identical samples were implanted at RT
and normal incidence with either 2X10'® H/cm?> or
2% 10" D/cm?, both at 5 keV, or else successively im-
planted with 025X 10'® He/cm?> at 8 keV and 0.7
X 10'® H/cm? at 5 keV, in both orders. The samples did not
significantly heat up during implantation since the beam
power was only ~10 mW/cm?. The base pressure of the
implanter is <10~ mbar. In Table I we show relevant im-
plantation parameters calculated using the SRIM code,! i.e.,
implant depth, straggling and peak concentration, and radia-
tion damage depth and intensity. It is seen that while the ion
ranges do not differ strongly, on the other hand the primary
defect production rates of D ions and He ions are respec-
tively 2.8 and 11.5 times that of H ions. Although channeling
of implanted ions is practically unavoidable at these low im-
plantation energies,?? it was checked that implantation at 15°
tilt angle had in fact no effect on the results.

The important points for the present study are the follow-
ing. (i) The H-implanted samples blistered after annealing at
>450 °C, whereas the D-implanted samples did not, at any
temperature: a dose of ~6X 10'® D/cm? is required for full
blistering.?! This isotope effect is “robust” in the sense that it
prevails whatever the heating rate (from 0.3 to 300 K/s), in
high resistivity Si as well as in low resistivity heavily Sb-
doped or B-doped Si,* and with He+H/D coimplantation.?’
(ii) The samples implanted with He first and H second did
blister, while the samples implanted in the reverse order did
not, even for total ion doses up to 3 X 10'® at/cm?.?’ This
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confirms Ref. 25 for the case where the He is implanted
deeper than the H; note, however, that we have a strong
overlap between our H and He depth distributions, when the
widths of the profiles are taken into account (Table I).

RBS/C in the (001) axial channeling mode was performed
using a 2 MeV He" beam on the Tandetron accelerator at the
Université de Montréal. The channeling direction was found
with a precision better than 0.1° by interpolating between
planar channeling directions. The incident beam was defined
by a @2 mm aperture. The typical beam current was 5 nA.
Each time, the current on the target was confirmed by a
current measurement in a Faraday cup. The outgoing par-
ticles were detected at 170° by a movable passivated im-
planted planar silicon (PIPS) detector with ~15 keV energy
resolution. The sample-detector distance and detection solid
angle were 122 mm and 6.7 msr, respectively. The resulting
depth resolution is ~40 nm. A number of samples, as im-
planted or annealed in N, at different temperatures, were
analyzed (after cooldown). The annealing protocol consisted
of a linear ramp of 0.33 K/s up to the target temperature, in
the range 200—600 °C, and an immediate shutoff of the heat
source.

Similarly annealed samples were analyzed by PAS at the
University of Western Ontario positron facility. PAS uses a
beam of monoenergetic positrons (e*) to probe open volumes
in a solid target. Prior to positron analysis, samples were HF
etched to remove the surface oxide, which can mask near-
surface defects. Positron energies in the range 0.5 to 30 keV
were used, to probe a range of depths in the samples from
near-surface to ~4 microns. The e* energy-depth relation is
not linear and the depth resolution is limited both by the
straggling in e* slowing down and by its diffusion after-
wards, and it varies from tens of nm at the surface to hun-
dreds of nm deeper. Spectra containing 10° events were col-
lected and analyzed wusing the conventional § (or
“sharpness”) parameter. The positron beam current is in the
femtoampere range, and the technique is nondestructive.

Raman scattering analyzes were accomplished with a
Renishaw 3000 system having a resolution of 2 cm™'. The
excitation was supplied by an Ar-ion laser (514.5 nm,
25 mW) at normal incidence. The laser light was focused on
the sample surface through a 50X objective lens, and the
diameter of the focused laser spot was about 3 wm. The scat-
tered light was collected at RT by a CCD detector (collection
time: 500 s, averaging factor: 4), and the background lumi-
nescence was subtracted from the data. The samples were
subjected to a linear ramp of 0.33 K/s up to, e.g., 200 °C,
allowed to cool to RT for measurement, and then ramped up
again to a higher temperature, and so on. The RSS spectra
are all normalized with respect to the data at RT.

III. EXPERIMENTAL RESULTS
A. Rutherford backscattering/channeling

In Fig. 1 are shown the backscattering spectra from the
H-implanted samples, either after RT implantation, or after
annealing at the indicated temperatures. The signals obtained
from a nonimplanted (virgin) sample and that obtained with
a nonchanneled (random) incident He* beam are also shown.
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FIG. 1. Energy spectra of He" backscattered from different hy-
drogen implanted and annealed Si(001) samples, with the incident
beam channeled in the (001) direction. The spectra of virgin
samples, one in channeling conditions and the other in a random
direction are also shown. An approximate depth scale is indicated as
the top abscissa. The data are normalized to the same He' ion
fluence.

All the data are normalized to the same He* beam fluence.
The ratio between the virgin and random data is an indication
of the quality of the crystals and the precision of the align-
ment. The small peak at ~1.13 MeV in the virgin spectrum
is due to backscattering on surface atoms. The top abscissa
shows an approximate depth scale (the calculation of an ex-
act depth scale requires an iterative procedure since the chan-
neled and dechanneled parts of the beam suffer different en-
ergy losses). The data for the implanted samples show
basically two features. The first is a peak roughly centered
around the mean H-ion range (~75 nm, see Table I). Its
classic interpretation would be that it reflects the location of
the interstitial defects. However, the height of this peak in-
creases after heating at 300 °C and even more so at 400 °C,
contrary to the normal effect of annealing; it does not de-
crease appreciably until 600 °C, well above the blistering
temperature (~475 °C). This reverse annealing has been ob-
served from the very beginning in H-implanted Si.3$916-18
Since heating can hardly create new self-interstitials, this ef-
fect shows that some other type of defect is involved. Such
an atomic displacement field can in fact be due to a strong
localized deformation of the lattice* and not only to intersti-
tials and clusters. One can also note that the location of the
peak moves under annealing: from ~75 nm at RT, it moves
deeper to ~90 nm at 300 °C, back to ~70 nm at 400 °C
and finally to ~40 nm at 600 °C. This suggests that the peak
shuttles between the damage peak R; and the concentration
peak R, (Table I; we remind the reader that our depth scale is
approximate). The same back and forth motion was also ob-
served by Cerofolini et al.’ The second feature in the spectra
is an enhancement in backscattering yield above the virgin
level beyond the implanted zone (>150 nm). This is called
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FIG. 2. RBS/C yields as a function of annealing temperature for
deuterium-implanted Si(001) substrates.

dechanneling and it is due to the He™ particles that have been
scattered out of the channel and behave as random ions for
the rest of their trajectories. Dechanneling saturates at
400 °C. The same kind of defect that has given rise to the
direct backscattering can cause dechanneling as well.

Figure 2 now shows the similar spectra for D implanta-
tion. We see that the differences in blistering behaviors are
reflected in the RBS/C spectra. First, we note that, at RT
already, the peak yield for D is not anything like ~2-3 times
higher than the peak yield for H, as would be expected from
the defect creation rates of Table I, it is actually slightly
lower. This indicates again that it is not directly connected
with the self-interstitials but that it is intimately linked to the
H or D atoms, which have comparable peak concentrations,
with H having in fact the highest one (Table I). The thermal
evolution is similar for H and D up to 300 °C but diverges
remarkably afterwards. For D, the process literally aborts
above 300 °C — and there is no blistering. Both peak and
dechanneling yields decrease beyond 300 °C. The back and
forth motion of the peak is also less perceptible; in particular,
the shallow peak, seen at the highest temperature with H, is
absent here. The RBS/C data alone give no hint as to the
cause of this bifurcation.

The coimplantation results of Figs. 3 and 4 are equally
instructive. With He first (Fig. 3), at RT as well as at 200 °C,
the damage level is extremely low. A part of the explanation
is of course that the doses are small: (0.25 He+0.7 H)
% 10'%/cm?. But He ions should cause a large amount of
damage, and if we just “scaled” the data using Table I, we
should get a peak value approaching the random level in this
case. The well-known explanation of this unexpected behav-
ior is that He ion implantation actually leaves very few Fren-
kel defects in Si,* because these defects are mobile at RT and
so easily recombine or disappear at sinks; in contrast, an
appreciable fraction of the H-induced defects are captured
and stabilized by the formation of H-Si bonds. Even so, the
ratio of the RBS/C yield for He+H to that for H alone is
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FIG. 3. RBS/C yields as a function of annealing temperature for
Si(001) substrates coimplanted with He, then H (0.25
X 10'6 He/cm?+0.7 X 10'® H/cm?).

negligible (<1/10) compared to the ratio of H doses (0.7/2).
This shows that damage buildup is not linear with dose,? but
also suggests that preimplanted He has an influence on the
amount and type of damage that the H implantation pro-
duces. Nevertheless, the effect of He preimplantation is spec-
tacular: the RBS/C yield rises continuously up to 600 °C and
the sample blisters at very low total dose. The likely reason
is that He is captured by the cavities that are the blister
precursors and pressurizes them: Chabal et al.'> and Lagahé-
Blanchard et al.®® showed how deeply implanted He mi-
grates to the H-implanted region in the blistering process.
Helium is a particularly effective pressurizer since it is gas-
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FIG. 4. RBS/C yields as a function of annealing temperature
for Si(001) substrates coimplanted with H, then He (0.7
X 10'6 H/cm?+0.25 X 1016 He/cm?).
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eous at any temperature, contrary to H which remains chemi-
sorbed up to 400—500 °C, and moreover has a single atom
per molecule. The shuttle motion of the peak is also visible,
and at 600 °C in particular, the shallow peak is clearly
present. The last has also been seen in coimplantation by
Tonini et al.?* and attributed to the macroscopic lattice de-
formation of the blister caps. This interpretation is reinforced
by our results since we see the shallow peak with H implan-
tation also.

Less straightforward is the explanation for the totally dif-
ferent behavior when He is implanted last (Fig. 4). Here, in
spite of what we just stated about the ineffectiveness of He
for permanent damage creation, the damage level at RT (and
200 °C) is paradoxically the same for 0.7 X 10'® H/cm? as
for 2 X 10'® H/cm? alone. The difference is that the He is not
implanted in virgin material but in one where H implantation
has already created certain defect structures. We conjecture
that some of these structures act as nuclei for the capture and
stabilization of point defects generated during the subsequent
He irradiation. But, contrary to the case of He first, annealing
does not produce a very large increase in the peak and
dechanneling yields: above 400 °C the yields drop to low
values, there is no blistering, and there is no shallow peak at
the highest temperature. This behavior suggests that the rela-
tively high peak observed at RT with He last is due, in this
case (and in this case only), not to H-related defects but to
the “classic” interstitials and their clusters.

B. Positron annihilation spectroscopy

In PAS, the line shape of the y ray is determined by the
electron momentum distribution. In regions distant from
atomic nuclei, such as vacancies or voids, the line has no
high momentum tail. The § parameter measures the ‘“sharp-
ness” of the line, so it takes higher values in vacancies and
cavities. By varying the incident positron energy, its penetra-
tion depth is changed, and a depth profile of cavities can be
deconvoluted. Figure 5 shows our hydrogen data. At high
energy, the expected well-known value for virgin Si is ob-
tained. In the implanted region (~100 nm) an enhancement
is observed, indicating the presence of cavities. The “open
volume” increases up to 350 °C, dips slightly at 400 °C, and
increases again up to 550 °C. Maxima at intermediate tem-
perature (425 or 450 °C) were also seen in Ref. 3. This com-
plicated behavior can result from adsorption and desorption
in the cavities because PAS is not blind to the presence of
H/D atoms in the cavities. The data of Uedono et al.** sug-
gest that H passivation will reduce the S value of a cavity by
~0.0075 (1.5%). This is similar to the magnitude of the ob-
served jumps. The peak S value obtained at 550 °C is ~1.05
times larger than the value for “bulk” silicon, which imposes
a lower limit on the size of the positron trapping defects of at
least four vacancies; for comparison the silicon divacancy
yields an S parameter of 1.045 times the bulk silicon value.?
However it is likely that the positron trapping defect is larger
than V,, since the measured value of S§=1.05 represents a
weighted average of trapped and untrapped positrons. These
large voids are vacancy clusters, including platelets, which
are flat cavities lying in low index atomic planes such as
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{100}, and of course blisters. Contrary to adsorbed atomic H,
it seems that H, does not affect the S parameter much.**
Another feature of interest is that the depth of the peak shifts
in a way similar to the RBS/C peaks. At 300 °C it is deeper
than at RT, then it moves towards the surface at 350 °C
(when S has a maximum), then deeper again at 400—450 °C,
and finally back towards the surface at 500-550 °C. This
may seem erratic but the “shallow peak” is always associated
with higher S values. In Ref. 3, the average void depth only
increased with temperature, without shifting towards the sur-
face.

Figure 6 shows the D data. The S value is generally lower
than for H, consistent with the failure to evolve towards blis-
tering. However, a strong and intriguing maximum in the D
value is observed at 425-475 °C, reaching 1.06 times the
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FIG. 6. Evolution of the S parameter profiles (S vs e* energy), as
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PHYSICAL REVIEW B 75, 075201 (2007)

bulk value at 475 °C. Note that 475 °C (in addition to being
the blistering temperature with H implants) is the only one,
for D, for which there is a shift towards the surface; at and
above 500 °C, the peak returns to the “deep” value. As in the
case of H-implants, the shallow peak for S is thus associated
with the highest S values and not necessarily the highest
temperature. Supposing that the shallow peak in S, similar to
the shallow peak in backscattering, is connected with blister-
ing, it implies that large empty cavities did form at 475 °C
but did not quite blister the surface, and flattened out at
500 °C.

Some PAS measurements were also made on H and D
samples during a very slow anneal (~1072 K/s). In that case
(not shown), the S-parameter for H was always larger than
for D but neither sample was blistered at the end. This indi-
cates that H blistering requires a minimum temperature
ramping rate, whose value is larger than 10~ K/s. The inhi-
bition of blistering may be due to gas loss, because effusion
has slow kinetics but is compensated by a small activation
energy.

C. Raman scattering spectroscopy

The evidence of previous work?>*13 is that the major part
of the H ions implanted in Si are trapped by defects. Due to
the variety of defect configurations, the Si-H local vibra-
tional stretch modes have a broad spectrum of wave num-
bers, k, in the range between ~1800 to ~2300 cm™!;!3 the
corresponding k values for D atoms are scaled down by a
factor of 1.39 as expected from the square root of the effec-
tive masses ratio. The identification of particular features in
the spectra with specific defects is complicated; our assign-
ments based on the literature are discussed in an earlier
paper.?®

In Fig. 7, a comparison of the Raman spectra for H- and
D-implanted Si is given for four particularly critical
temperatures.”® It can be seen that an enormous difference
between the Si-H and Si-D data is manifest at RT already.
This difference therefore arises during the implantation: D
atoms somehow interact in a different way than H atoms
with the defects that are being continuously created. The D
spectrum is bunched at low k values, which is characteristic
of lightly passivated multivacancies V,D,,, with m=n, and
interstitial defects such as ID,. In contrast, the H spectrum
has a balance of low-k and high-k modes; the latter are due to
saturated or almost saturated single or double vacancies
(VHs 4, V,Hg), and also to passivated internal surfaces such
as Si(001):H. It is generally assumed'>?® that these internal
surfaces are the same as the platelets observed by electron
microscopy.!!!1314 Since these platelets thus contain ad-
sorbed hydrogen, in addition to being flat and parallel to the
surface, they are naturally considered by most authors to be
the blister precursors. A few other minor peaks are visible,
but play no major role here; more details are found in Ref.
28. This difference in H vs D can be understood by compar-
ing the defect production rates during implantation: D pro-
duces ~2.8 times more vacancies per implanted ion than
does H, so we should expect to see a higher proportion of
“saturated” vacancies for H than for D. The differences be-
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region for several annealing temperatures: as implanted (a), 300 °C
(b), 400 °C (c), 500 °C (d). Since the Si-D vibration frequencies
are shifted down by a factor of 1.39 with respect to the Si-H ones,
the wave number scales (top and bottom abscissas) have been care-
fully adjusted to make the corresponding Si-H and Si-D modes
coincide.

come even more apparent after annealing [Figs. 7(b)-7(d)].
We recall that the spectra have been normalized with respect
to the ones at RT. At 300 °C, while, for H, the low-k modes
are strongly attenuated and the high-k modes clearly domi-
nate, for D, the low-k modes are still the strongest. The
higher stability of the V,D,, compared to the V,H,, suggests
that they are made up of larger clusters, consistent with the
higher Frenkel defect generation rate (Table I). At 400 °C,
the VH; and/or V,Hg modes at ~2180 cm™' (which are in-
distinguishable) appear to have actually increased. During
that time, the D sample has evolved only moderately. Finally,
at 500 °C, which is above the blistering temperature (for H
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FIG. 8. Raman spectra in the Si-H stretch region for coim-
planted samples for several annealing temperatures: as implanted
(a), 300 °C (b), 400 °C (c), 550 °C (d); He implanted first (H), He
implanted last (O).

only), the H spectrum is entirely dominated by the
Si(100):H, and also by the VH3/V,H¢. The VD5 and/or V,Dg
have also finally emerged to some extent but not Si(100):D.
Another difference is the persistence of the low-k modes for
D.

Now we turn to coimplantation (Fig. 8).>” At RT, one can
immediately see the effect of He post implantation; these He
ions were implanted in an already H-implanted sample that
had a Raman spectrum similar to that of Fig. 7(a). All the
narrow lines have been literally destroyed by the passage of
the He ions. The same observation was made by Lagahé-
Blanchard et al.>® Moreover, the same group further found
amorphous pockets by TEM.?® On the contrary, with He pre-
implantation, the lines and in particular the saturated vacan-
cies are still present. However, the high-k modes are not as
strong as with H alone. This confirms that the presence of He
influences the distribution of the bound H between different
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FIG. 9. Raman spectra of the H, and D, molecular stretch modes as

with: (a) 2 10 H/cm?; (b) 2X10'® D/cm?.

types of defects. In spite of this fact, at 300 °C, the “He first”
sample has already caught up with the “H alone” sample. At
that temperature, the He last sample is still almost feature-
less. At 400 °C, the He damage has annealed in good part
because both samples have evolved considerably. However,
the decorated internal surfaces, Si(100):H, are well devel-
oped for He first, whereas they are still not apparent for H
first. Finally, at 550 °C, the only large difference is the prob-
ably significant fact that the Si(100):H peak has a shoulder
on the low-k side for He first, which is the sign of smoother
and less defective surfaces:'> We may suppose that this pla-
narity helps in the propagation of cracks between adjacent
platelets. It has also been shown theoretically® that a highly
disordered Si lattice, as with He last, becomes more plastic
and more resistant to crack propagation, possibly inhibiting
blistering. The high temperature data of Ref. 25 differ in
details, probably due to the nonoverlap between their He and
H profiles, but the temperature evolution shows the same
trends.

Raman scattering can also detect H, molecules (although
the sensitivity is low). Indeed, we saw that the Si-H modes,
especially the low-k ones, start disappearing progressively
somewhere below 300 °C, while the total H contents mea-
sured by SIMS, ion-beam analysis or thermal desorption
spectrometry remains almost constant up to ~450 °C. The H
missing at intermediate temperature has consequently been
assumed to be in the form of H,.>*!" Two molecular modes
are already well known, gaseous H, at 4158 cm™', and H, in
the interstitial T, site at 3601 cm™'.37-3® We show in Fig. 9(a)
our (hitherto unpublished) data in the 3500—4500 cm™! spec-
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a function of annealing temperature for silicon substrates implanted

tral range. Neither H,(7,;) nor gaseous H, are detectable at
our level of sensitivity. Hy(7,) has never been seen in im-
planted Si, only in plasma hydrogenated Si,*’ likely because
there are stronger traps such as vacancies in implanted Si.?
Free gaseous H, has been detected by Aspar et al.'® only
when they focused their exciting laser microbeam precisely
on blisters (and after adding 50 spectra), but never outside
blisters or at low or intermediate temperature. On the other
hand we see in Fig. 9(a) a broad peak at ~3820 cm™',3%40
which has been attributed to H, in multivacancies, Hy(MV),
such as V,, Vg, and V0.3 We see that it disappears above
200 °C, in agreement with Ref. 39, and consistent with the
disappearance of the multivacancy defects in the Si-H Ra-
man modes (Fig. 7). Therefore it has nothing to do, at least
directly, with the H, that pressurizes the blisters that appear
at higher temperature. We also observe the corresponding D,
mode around 2730-2815 cm™', which shows three resolved
subpeaks [Fig. 9(b)]. Peak splitting is not observed in float-
zone substrates,>® and seems to be peculiar to the interactions
of hydrogen (or deuterium) molecules with some defects in
Cz silicon, thus suggesting that oxygen impurities might be a
constituent of the complex. Each subpeak displays its own
thermal behavior: the mode at 2815 cm™' anneals out at
100 °C, the one at 2730 cm™" at 200 °C, and the central one
(2770 cm™!) at 335 °C only. This shows that they are con-
nected with different defects. The higher annealing tempera-
ture for the 2770 cm™! mode compared to the 3820 cm™!
mode indicates a higher stability of the D-related multiva-
cancy defects, in agreement with the Si-H/D data.

To summarize the Raman results, a strong presence at RT
of the saturated (or near saturated) single or double vacan-
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cies, and of high wave number modes (k>2050 cm™') in
general, is a predictor of eventual blistering. Under anneal-
ing, the low-k modes disappear while two narrow lines cor-
responding to VH; or V,Hg and Si(100): H rise above a fad-
ing background, and above 450 °C blisters start to deform
the surface. The low-k modes tend to persist at high tempera-
ture whenever there is no blistering, be it with deuterium or
with He post irradiation. There is no evidence for the H,
molecules expected at intermediate temperatures: we call this
the mystery of the elusive hydrogen.

IV. DISCUSSION

In order to characterize the RBS/C spectra in a simple
way we define the normalized peak yield
Yo=Y
NPY =~V (1)
Yr-Yy
where Y, is the maximum value of the He* yield, Y, and
Y the virgin and random yields at the corresponding energy
(or depth), respectively. Similarly, the normalized dechannel-
ing yield is

’
Yde('h - YV

NDY =~ —
YR_YV

2)
where Y., is the He* yield in the region beyond the im-
planted zone; Y|, and Y are the corresponding virgin and
random yields, respectively. Calculations of NDY were per-
formed by fitting the RBS/C spectra in the region
1.0-1.05 MeV; the yields were estimated from the fitted
spectra at the arbitrarily chosen energy value of 1 MeV. For
NPY, we used a Gaussian fit in a narrow region around the
peak. Similarly we define S,,,, at a given temperature as the
value of § at the peak in Figs. 5 and 6. With the help of these
parameters we can summarize the thermal evolutions of the
samples implanted with H or D or coimplanted with He and
H. This is done in Fig. 10(a) for the normalized peak yield,
in Fig. 10(b) for the normalized dechanneling yield, and Fig.
10(c) for the S parameter. Another phenomenon of interest is
the occurrence of shifts in the depth profiles of displacement
damage or void volume. These are summarized in Table II.
We will constantly refer to Fig. 10 and Table II in the fol-
lowing discussions. The Raman data, on the other hand, are
not so easy to summarize.

We note that the NDY data follow the same qualitative
trends as the NPY data as a function of temperature, isotope,
and order of implantation. The overall comparison suggests
that the same features are responsible for both the displace-
ment field in the implantation region and the enhancement in
dechanneling beyond that region. These features are closely
related to the H/D concentration rather than the point defects
(except at RT, for He post implantation). Even without the
evidence from deuterium, the comparison with He had led
others® to conclude that their RBS yield in H-implanted Si
was too large to be due to point defects. The reverse anneal-
ing behavior points to the same conclusion. However, be-
tween 300 and 400 °C, a critical point is reached where the
outcome depends sensitively on the isotope or on the coim-
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FIG. 10. Variations as a function of annealing temperature of:
(a) normalized peak yields; (b) normalized dechanneling yields; and
(c) the maximum S value, for the whole set of samples.

plantation order. Either the peak backscattering yield keeps
increasing at the same time as it moves in and out in depth,
and the sample blisters, or else NPY regresses and no blister-
ing occurs.

A candidate for the source of displacements and dechan-
neling could be thought to be the platelets, which are the
largest defects and are clearly seen by TEM. In H-implanted
Si (001), the most abundant are the (001) platelets, parallel to
the surface.!’"!31% Their diameter is on the order of 10 nm at
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TABLE II. Temperatures of occurrence of shifts in depths of peak values of RBS/C yield or void volume

measured by PAS (S parameter).

Quantity

Temperature range

Shift in depth

Strong shift to surface

RBS peak yield - H 300 °C 600 °C
S-parameter peak - H 300-450 °C 500-550 °C
RBS yield - D 300 °C none
S-parameter peak - D 300-450 °C+500-550 °C 475 °C
RBS peak yield - He+H 400 °C 600 °C
RBS peak yield - H+He 300 °C none

RT and thickness 1 nm. Their presence is also witnessed by
the Si(100):H peak in the Raman spectrum. However, va-
cancies or cavities by themselves do not cause any back-
scattering or dechanneling, except indirectly through the ten-
sile strain that they may induce. But the platelets actually
display very little strain contrast in TEM and their internal
surfaces appear remarkably undisturbed,'> which makes
them less likely to be at the source of the displacement field.
Moreover, under annealing they grow in diameter at constant
total volume, consistent with Ostwald ripening:'* this should
have the effect of further reducing the elastic strain, contrary
to the RBS/C yield which springs to very high values at
300-400 °C. True, at still higher temperature, the platelets
must fill with gaseous H, and coalesce catastrophically by
pressure-driven crack propagation, causing blistering. That
high pressure will cause a large strain—and this, indeed, is
what is observed at 600 °C (Fig. 1), together with the shift
towards the surface in the RBS/C peak. However, the initial
rise in RBS/C definitely takes place long before that phase,
and whatever H, the platelets may have contained, if we
interpreted the signal in Fig. 9 as H, in platelets, disappears
at 300 °C instead of accumulating. Besides, all the evidence
indicates that the 3820/2760 cm™' mode belongs to H,/D,
in multivacancies. One may then think of those multivacan-
cies as the source of pressure and strain. However, as in the
case of the platelets, this hypothesis is ruled out by their
annealing behavior.

As a matter of fact, it is precisely when the multivacan-
vies disappear (Figs. 7 and 8) that the RBS/C signals rise
(Fig. 10). Indeed the magnitude of the RBS/C enhancement
is positively correlated with the magnitude of the reduction
in intensity of the low-k modes. This has led to two hypoth-
eses. The first was that the H atoms and molecules liberated
by the multivacancies were captured by the platelets as H,.!
However, we just saw that the platelets do not appear to
contain gaseous H, at this stage; that H would then have to
exist in some undetermined temporary form until the final
stage at higher temperature. The other hypothesis,®> based
mainly on RBS/C and strain measurements, was that H,
assumed to already exist as interstitial H,(7,) at low tem-
perature, was captured as gaseous H, by “small vacancy
clusters” (especially V,) above 200 °C. Cerofolini et al.’
went further and proposed that these H,-saturated
“nanobubbles” were the blister precursors, rather than the
platelets. A similar doubt as to the role of the platelets was

also stated recently.*? It is true that the final transformation of
platelets into blisters has never been “visualized” because it
is presumably too fast (<2 s and probably much less*!) but
the same is true for the coalescence of nanobubbles. How-
ever, the IR data of Ref. 15 and that of Figs. 7 and 8 show
only VH;/V,H¢ and Si(100):H as the “survivors” of the re-
arrangements taking place at 300—400 °C. The “larger cavi-
ties” (>V,) seen by PAS only show up at ~475-500 °C and
their shift towards the surface together with the shift in the
RBS/C profile identifies them with the blisters. It thus seems
that the H liberated at intermediate temperature must be
stored in a form undetectable by RSS until it is captured by
the blister precursors at higher temperature. That unidentified
form would also be responsible for the enhancement in back-
scattering and dechanneling, presumably through an induced
strain. Stress or strain measurements have been reported by
several authors but only two of them at temperatures higher
than RT. Unfortunately the answer is ambiguous: the first*?
reports an increase at 300 °C, the second®’ a decrease at
350 °C, but the dose was high in the last case so that it is not
clear if the blistering temperature had not been reached. Fi-
nally, it is interesting to note that the survival of the
VH3/V,Hg complexes at the blistering stage makes them
plausible alternatives to the platelets as blister precursors, in
a variant of the Cerofolini scenario. However, the very ge-
ometry and size of the platelets, and the ease of crack propa-
gation in such a geometry, makes the platelets appear as the
likely “culprits.”

The strongest indication of H/D differences that appears
at RT is in the Raman spectra, but it is of utmost importance
since it determines the course of events under the subsequent
annealing. How can H and D atoms react differently with the
point defects produced during the implantation? Vacancy
production rates predicted by SRIM are 6.8 per H ion, and
19.5 per D ion. However we expect that only 5—10 % of the
vacancies formed will survive, since many recombine during
implantation,** and this is not modeled by SRIM. If we as-
sume that, e.g., 10% of the vacancies survive after implanta-
tion, then our H-implanted samples will have more H than V,
and our D-implanted samples, more V than D. The process is
actually amenable to theoretical calculations by the kinetic
Monte Carlo method,* and preliminary results confirm semi-
quantitatively our data.*® A different situation arises when He
is post implanted. In that case, the RT RBS yield is six times
larger than when He is preimplanted. It is also roughly the
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same as with a three times bigger H dose alone. Let us make
the assumption that the point defects generated by the He ion
collisions are captured in this case, instead of annihilating. If
we take into account the He dose (0.25X 10'® cm™), it is
seen that the post-irradiated He ions generate 12 times more
RBS yield per ion than H ions. This is more in line with the
relative energy deposition rates (Table I) and it indicates that
the RBS yield is due to interstitial defects in this case. This is
consistent with the Raman spectrum: we note that it is de-
void of sharp peaks, an indication of heavy disorder of the
multivacancy and interstitial cluster type. The likely domi-
nant mechanism is vacancy capture by small vacancy clus-
ters: this has the effect of both generating larger clusters and
diluting the H in these clusters, in agreement with Raman
spectra.

Only minor changes occur up to a temperature somewhere
above 200 °C, but at 300 °C the evolution in RBS/C and
Raman data is remarkable as already noted. The multivacan-
cies, which, with their large open spaces, could have been
thought of as natural precursors to blisters, on the contrary
are useless because they do not contain enough chemisorbed
H/D and are not flat either. The PAS signal has not yet
changed too much in intensity; this may be because: (i) the
total platelet cavity volume has not changed (Ostwald ripen-
ing), and moreover H-saturated vacancies give a reduced S
value compared to empty cavities; (ii) interstitials would de-
crease S, if anything; and (iii) multivacancies are on the de-
cline. However, the PAS maximum is now located deeper,
indicating a shift in the void volume from multivacancies
(peaking around R,) to the platelets (R,) or to the postulated
“Raman-invisible” H-storing complexes responsible for the
RBS/C signal increase.

There is another major turning point between 300 °C and
400 °C. In contrast to H, for D the RBS yield has now de-
creased and, consistently, Si(100):D has not yet emerged,
although VD;/V,Dg¢ has. For He post irradiation Si(100):H
is still not very strong but the RBS yield has finally in-
creased. The S parameter has started to increase at 350 °C,
which may indicate an increase in cavity volume; its fallback
at 400 °C can be rationalized by the final collapse of the
multivacancies and/or a capture of H by cavities.

In the cases where there is to be blistering, the final steps
take place somewhere between 400 and 500 °C. For H, the
only significant H-related complexes that remain at 500 °C
are Si(100):H and VH;/V,Hg. There is some difference in
the RBS/C yields depending on whether there was He pre-
implantation or not. For H alone, the trend is slightly down-
ward, which could be due to a relaxation of the lattice strain
resulting from a loss of some H, and gas pressure upon
blistering.>! With He, the RBS/C yield keeps increasing; this
may be correlated with the fact that the He preimplant has
the effect of retarding the effusion of H and He to higher
temperatures: this is seen by both elastic recoil detection
analysis of retention”® and thermal desorption
spectroscopy.?’ For instance, preimplanted He is only re-
leased in the range 700—900 °C, compared to 500-700 °C
for post implanted He and 400—600 °C for H,. Finally, the
S-parameter increases rapidly, in perfect accord with the
growth of the blisters.
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Contrary to the scenario just described, with D, the
Si(100):D are barely detectable even at 500 °C and, corre-
spondingly, the RBS yield is back down already at 400 °C.
The large enhancement in the S parameter which takes place
between 425 and 475 °C is correlated with a shift towards
the surface. If surface shifts indicate blistering or at least
tentative blistering as postulated above, failure to blister may
be caused by lack of pressure. A lower atom content than
with H is suggested by the high S value, together with the
low RBS/C signal. This may be a consequence of the greater
rate of vacancy production for D vs H: the greater number of
vacancies leads to void formation, but without sufficient gas
available to stabilize the voids against annealing to higher
temperatures. Whereas the smaller quantity of voids formed
in H-implanted samples, with more gas available “per void,”
survive to lead to eventual blistering. Formation and subse-
quent breakup of multivacancies is ruled out by the Raman
data, which shows a monotonic decrease in multivacancies
with increasing anneal temperature. With He postimplanta-
tion, the situation is not as drastic, the RBS/C yield is some-
what higher than with D and the Si(100):H clearly appear at
550 °C, but apparently too late for blistering, a significant
fraction of the gas has already been released.

V. CONCLUSION

We presented a detailed study of the thermal evolution of
H-related defects leading to blistering and exfoliation of
crystalline silicon. By combining Rutherford backscattering,
positron annihilation and Raman scattering, we studied dif-
ferent critical defect complexes and identified their subtle
transformations leading to blistering. Our analysis suggests
that “free” hydrogen liberated from multivacancies plays the
key role in strain buildup, which is manifested by the reverse
annealing in the displacement field measured by the RBS/C
spectra. However, direct evidence for what precise form the
free hydrogen takes is still missing. Moreover, this free H
does not appear to be essential to feed the blisters, the key
defects are the H-saturated platelets. PAS measurements
point to large cavities (>V,) as plausible sites for hydrogen
retrapping. Also, by using D instead of H, we found that the
degree of passivation of vacancies constitutes a critical factor
in preparing the ground for blistering. The origin of the con-
siderable isotopic differences seems to be connected with the
computationally verified fact that H and D interact remark-
ably differently with the point defects produced during the
implantation. This isotopic difference comes neither from a
“magic” difference between H and D chemistries nor from
an electronic effect but simply as a result of the random
hopping and recombination of H/D atoms and defects. The
synergistic effect observed in successive implantations of He
and H ions is attributed to He assistance in accelerating the
thermal evolution into passivated internal surfaces, by its sig-
nificant contribution to the buildup of the pressure, required
to separate internal surfaces, and by retarding the effusion of
both H, and He. These synergistic interactions are absent for
He post implantation, likely because of the dynamic destruc-
tion during implantation of the H-defect complexes that are
the precursors of blisters.
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