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Defect production and annealing in ion-irradiated Si nanocrystals

D. Pacifici, E. C. Moreira, G. Franzo`, V. Martorino, and F. Priolo
INFM and Dipartimento di Fisica e Astronomia, Corso Italia 57, I-95129 Catania, Italy

F. Iacona
CNR-IMETEM, Stradale Primosole 50, I-95121 Catania, Italy
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In this paper the formation and annihilation of defects produced in Si nanocrystals~nc! by ion-beam
irradiation are investigated in detail. The luminescence properties of Si nanocrystals embedded in a SiO2

matrix were used as a probe of the damaging effects generated by high-energy ion-beam irradiation. Samples
have been irradiated with 2 MeV He1, Si1, Ge1, and Au1 ions at different doses, in the range between
13109/cm2 and 131016/cm2. With increasing the ion dose, the nc-related photoluminescence~PL! strongly
decreases after a critical dose value, which depends on the ion mass. We have observed that the luminescence
drop is accompanied by a concomitant lifetime quenching that marks the rise of new nonradiative phenomena,
related to the damage left over by the ion beam. It is shown that the lifetime quenching alone cannot quanti-
tatively explain the much stronger PL drop, but the total number of emitting centers has to diminish too. By
assuming that a Si nc is damaged when it contains at least one defect inside its volume, we developed a model
that relates the fraction of quenched nc to the total defect concentration in the film and to the value of the nc
volume itself. This model is shown to be in good agreement with the experimental value of the quenched
fraction of Si nc extracted from the luminescence and lifetime measurements. Moreover, we studied the
recovery of the damaged Si nc by performing both isochronal and isothermal annealings. It is demonstrated
that in slightly damaged Si nc a large variety of defects characterized by activation energies between 1 and 3
eV exists. On the contrary, the recovery of the PL properties of completely amorphized Si nc is characterized
by a single activation energy, whose value is 3.4 eV. Actually, this energy is associated with the transition
between the amorphous and the crystalline phases of each Si grain. The recrystallization kinetics of Si nano-
structures is demonstrated to be very different from that of a bulk system. These data are presented and
explained on the basis of the large surface/volume ratio characterizing low-dimensional Si structures.

DOI: 10.1103/PhysRevB.65.144109 PACS number~s!: 78.55.2m, 61.72.Cc, 61.46.1w
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I. INTRODUCTION

Since the discovery of porous silicon as an efficient lig
emitter,1 a lot of work has been done in order to understa
the origin of the peculiar luminescence properties of silic
nanostructures. Nowadays it is well understood that quan
confinement is responsible for the blue-shifted emission
these nanostructures and that the SivO double bond at the
interface between a Si nanocrystal and the oxide host pla
crucial role in explaining the strong Stokes shift between
emission and the absorption observed in porous Si, prod
ing carrier-related states in the band gap from which
electron-hole~e-h! pair can recombine after being quick
trapped in. Moreover, the spatial confinement of carriers
termines both a greater overlap of thee-h wave functions in
k space and a strong suppression of nonradiative recomb
tion processes, thus producing an increase of the lumi
cence efficiency. Among all, porous silicon,1–4 silicon nano-
crystals ~nc! embedded within SiO2 ~Refs. 5–14! and
Si/SiO2 superlattices~SL’s!,15–17 have been widely studied
both from an optical and a structural point of view. In pa
ticular, it has been recently demonstrated that, in genera
nc act as interacting systems within the oxide matrix, w
the energy preferentially transferred from the smaller~i.e.,
larger band gaps! to the bigger ones~i.e., smaller band
gaps!.5 This interaction can be strongly suppressed by ord
ing the Si nc in nanometric periodic layers, spaced by
0163-1829/2002/65~14!/144109~13!/$20.00 65 1441
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oxide layer. In this way the energy hopping between nc
less probable, due to the larger mean distance among Si5

The damage and recrystallization of crystalline bulk s
con is a well-known and widely studied subject.18–24 Only
recently the recrystallization properties of amorphous Si l
ers with thicknesses larger than 2 nm have been studie
greater details and the most important result is that the c
tallization temperature increases with decreasing la
thickness.25–27 In contrast, apart from a few papers,28,29 the
role of ion-beam-induced damage in the structural and o
cal properties of Si nanocrystals embedded in SiO2 is not yet
clear, and a comprehensive picture of the overall damag
mechanisms in Si nc is still lacking.

In the present paper the luminescence properties of S
produced by plasma-enhanced chemical-vapor deposition
used as a probe of the defect generation under irradia
through energetic ion beams. By varying both the dose
the mass of the incident ions, the main physical parame
responsible for the quenching of the photoluminescence h
been determined. Moreover, the defect annihilation has b
studied by observing the luminescence recovery after b
isochronal and isothermal annealings. It is shown that a la
variety of defects, having different activation energies, ex
in partially damaged Si nc, while the recrystallization
fully amorphized Si nc is a thermally activated process, ch
acterized by a unique activation energy of;3.4 eV. A phe-
nomenological model that is able to explain the overall e
perimental picture is presented.
©2002 The American Physical Society09-1
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II. EXPERIMENT

Samples were prepared by plasma-enhanced chem
vapor deposition~PECVD! using high-purity SiH4 and N2O
as precursors. The substrates, consisting of 59 ~100! Czo-
chralski silicon wafers, were heated at 300 °C during
deposition process. The deposition system consists o
vacuum chamber~base pressure 131029 torr! and a radio
frequency~rf! generator~13.56 MHz!, connected through a
matching network to the top electrode of the reactor. T
bottom electrode is grounded and acts also as sample ho

We prepared two kinds of samples containing Si nan
rystals. The first one is a 0.1-mm-thick substoichiometric
SiOx (x,2) thin film with 39 at. % of Si. The deposition
process was performed by using N2O and SiH4 as source
gases, 50 W of rf input power, and a total pressure o
31022 torr. After deposition, the SiOx films were annealed
for 1 h at 1250 °C in ultrapure nitrogen atmosphere. T
high-temperature annealing induces the phase separatio
tween Si and SiO2 and a high density of small Si clusters
obtained,5 with a mean radius of about (1.560.4) nm.

The second kind of sample is a Si/SiO2 superlattice, con-
sisting of 11 SiO2 layers~6.5 nm thick! alternated with ten
ultrathin Si layers~0.9 nm thick!. The SiO2 layers were de-
posited by using a N2O/SiH4 mixture, with a total pressure
of 3.531022 torr and 30 W of rf power. Si layers were de
posited by using SiH4 , with a total pressure of 1.5
31022 torr and 25 W of rf power. After deposition, the SL
were annealed for 1 h at 1100 °C in ultrapure nitrogen atm
sphere to induce the breaking and balling up of the ultrat
Si films, with the formation of Si nc totally embedded with
SiO2 and almost completely isolated, as demonstrated in
vious works.5,16

In order to study the defect formation in Si nc, th
samples were irradiated at room temperature with 2 M
He1, Si1, Ge1 or Au1 ions at different doses in the rang
between 13109 and 131016/cm2. The beam energy wa
chosen in order to locate the projected range beyond
films containing Si nc. In fact for all the used ions, the c
culated projected range varies between 0.47mm for Au and
6.84 mm for He. By changing the ion mass, the nuclear e
ergy loss was varied over four orders of magnitude, in
range between 2.531022 eV/Å for He and 2.63102 eV/Å
for Au. Through a detailed damage calculation by using
transport of ions in matter ~TRIM! Monte Carlo
simulations,30,31we calculated the area of each collision ca
cade. Moreover, the average number of displaced atoms
incident ion and per unit trajectory length has been evalua
within each cascade, and it varies in the range betw
2.831024 atoms/ion Å for He and 2.4 atoms/ion Å for Au

Damage recovery of the as-implanted samples was
formed by isochronal thermal annealings in the tempera
range between 100 and 1150 °C in vacuum or in N2 atmo-
sphere. Moreover, in order to understand the kinetics of
damage recovery, we also performed isothermal anneal
at different temperatures and for times in the range betw
5 s and 20 h.

The structural and optical properties of all the samp
have been studied by transmission electron microsc
14410
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~TEM! and photoluminescence, respectively. Dark field p
view and cross-sectional TEM analyses were carried out w
a 200-kV Jeol 2010 FX microscope to determine the na
crystal size distribution in both the damaged and the
nealed samples.

Photoluminescence~PL! measurements were performe
by pumping with the 488 nm line of an Ar-Kr laser. Th
pump power~10 mW! was focused over a circular area
;0.6 mm in diameter and the laser beam was mechanic
chopped at a frequency of 55 Hz. The luminescence sig
was analyzed by a single grating monochromator and
tected by a photomultiplier tube. Spectra were recorded w
a lock-in amplifier using the chopper frequency as a ref
ence. All the spectra have been measured at room temp
ture and corrected for the detector response. Luminesce
lifetime measurements were performed by chopping the la
beam with an acousto-optic modulator, detecting the lu
nescence signal with the photomultiplier tube and analyz
it with a photon counting multichannel scaler having the s
nal from the modulator as a trigger. The overall time reso
tion of our system is of;30 ns.

III. RESULTS AND DISCUSSION

A. Damage accumulation in Si nanocrystals

Before ion irradiation, all the samples show a strong ph
toluminescence even at room temperature. As an exampl
Fig. 1 the PL spectrum of a sample containing Si nc~refer-
ence sample! obtained by annealing at 1250 °C a SiOx film
with 39 at. % of Si content is reported, together with the
spectra of the same sample irradiated with 2 MeV Si1 ions at
different doses, in the range 131010– 231013/cm2. The PL
spectrum of the reference sample is peaked at 820 nm
has a full width at half maximum~FWHM! of about 140 nm.
With increasing the ion dose, the PL intensity remains un

FIG. 1. PL spectra of a SiOx film with 39 at. % Si annealed a
1250 °C for 1 h~reference! and of the very same sample irradiate
with a 2 MeV Si1 ion beam at different doses in the range betwe
131010 and 231013/cm2. Spectra were measured at room tempe
ture, with the 488 nm line of an Ar-Kr laser as the exciting sour
and at a pump power of 10 mW.
9-2



is
f

l

de
g

er
ct

d

th

.

es
re
th
e,
ta

o
on

e

ce
e

is

n-
the

ha-
s
can

r

ta-

ar,
ers
eri-

ses
or-
h
i-
ged,
ses
5
is-
rk
is
can

me
eV.

and
e
nd
nce
over
the
nd

me
lue,
rth
ity
ion
Si
is,

e
he
at a
-
s,
and

th
y in
can

n
at
V
d

re

DEFECT PRODUCTION AND ANNEALING IN ION- . . . PHYSICAL REVIEW B 65 144109
fected up to 131010/cm2. For higher doses, the PL signal
clearly seen to decrease until it completely disappears
doses greater than;131013/cm2. Neither shifts nor
changes in the peak shape have been observed for al
used ion doses. Interesting information can be extracted
studying the decay time of the luminescence signal recor
at 800 nm after shutting off the pumping laser beam throu
the acousto-optic modulator, as reported in Fig. 2 for diff
ent ion doses. The luminescence signal decay is chara
ized by a stretched exponential shape, given by

I ~ t !5I 0 expF2S t

t D bG , ~1!

whereI (t) and I 0 are the intensity as a function of time an
at t50, respectively, whilet andb are respectively the life-
time and a dispersion factor whose value gives an idea of
interaction strength among Si nc.5,13,32 The lifetime values
obtained by fitting the experimental curves reported in Fig
with Eq. ~1! remain constant up to a dose of;1
31011/cm2, while they start to decrease for higher ion dos
suggesting that new nonradiative paths related to the p
ence of defects left over by the ion beam are influencing
decay dynamics of the emitting centers. On the other sidb
is characterized by a value of 0.75, which remains cons
for all the ion doses.

All the spectra and the decay time curves have been
tained with 10 mW of pumping power, resulting in a phot
flux f of about 8.731018 cm22 s21. The Si nc excitation
cross sections is almost independent of the detection wav
length, i.e., of the Si nc size, and has a value of;1
310216 cm2, as previously reported.5 Thus, for the excita-
tion rate of each Si nc we obtain a valuesf;8.7
3102 s21, while the deexcitation rate for the referen
sample ist21;1.853104 s21 ~t being the luminescenc
lifetime of the reference sample, recorded at 800 nm!. As
sf!1/t, we are in the low pump power regime. In th

FIG. 2. Decay-time measurements of the photoluminesce
signal at 800 nm for a SiOx sample with 39 at. % Si, annealed
1250 °C for 1 h~reference! and subsequently irradiated with 2 Me
Si1 at different doses. Data were taken at room temperature an
a laser pump power of 10 mW. The measured lifetime for the
erence sample is 54ms.
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regime, which is valid for all the samples used, the PL inte
sity yield of the emitting centers can be approximated by
following expression:

I}sf
t

tR
N, ~2!

wheretR is the radiative lifetime andN is the total number
of Si nc that are able to emit. Equation~2! is extremely
important for the understanding of the damaging mec
nisms. In fact, it tells us that if the excitation condition
remain unchanged, a variation of the luminescence yield
be due only to a change in the lifetimet or in the total
number of emitting centersN, or in both of them. In Fig. 1 it
is possible to observe that at a dose of 131012/cm2 the re-
sidual luminescence is;60% of the reference one, while fo
the same dose the lifetime, reported in Fig. 2, is still;80%
of its original value. This means that in order to quanti
tively explain the decrease ofI through Eq.~2!, the total
number of emitting centers has to diminish too. In particul
it has to be about 75% of the total number of emitting cent
present in the unirradiated sample. Thus we have an exp
mental evidence of the fact that even at very small do
~much smaller than the critical dose needed for the am
phization of bulk crystalline Si! we can damage Si nc in suc
a way that a fraction of them becomes ‘‘dark’’ from a lum
nescence point of view. These nc, however, though dama
are not necessarily amorphized. In fact, from TEM analy
~not shown! it appears that even at a Si dose of
31012/cm2, a huge number of Si nc with the same size d
tribution as that of the reference sample is still visible in da
field configuration, while the PL signal reported in Fig. 1
almost completely quenched, demonstrating that a Si nc
become ‘‘dark’’ without necessarily being amorphous.

We repeated the irradiation experiment on the very sa
sample by using several ions, at the same energy of 2 M
The results are shown in Fig. 3, where both the intensity
the lifetime of the PL signal at 800 nm coming from th
irradiated sample are reported for different incident ions a
versus the ion dose, normalized to the respective refere
value. As can be seen, even if the range of doses varies
several orders of magnitude, due to the large spreading in
nuclear energy loss of the different ions, the general tre
remains unchanged, with both the intensity and the lifeti
strongly decreasing for doses greater than a critical va
depending on the particular ion used. In particular it is wo
noticing again that for all the ions the luminescence intens
decreases more than the lifetime does with increasing the
dose, confirming the fact that the total number of emitting
nc is decreasing too. The picture that arises up to now
therefore, the following:~1! with increasing the ion dose th
total amount of damage left over by the ion beam in t
matrix increases, the amount of damage being higher
fixed dose for heavier ions;~2! the effect of damage is two
fold, determining both the rising of new nonradiative path
as attested by the decrease of the luminescence lifetime,
the reduction of the total fraction of emitting Si nc, bo
effects leading to a quench of the luminescence intensit
the irradiated samples. Thus for a fixed ion dose, we
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D. PACIFICI et al. PHYSICAL REVIEW B 65 144109
think that the sample is composed of two different classe
Si nc, i.e., the first made of Si nc that cannot emit anymo
being damaged by the ion beam, the second formed of S
that can still emit but whose lifetime is strongly affected
new nonradiative processes.

In order to investigate the nature of these nonradia
phenomena, we produced a sample with largely spaced S
by annealing a Si/SiO2 superlattice at 1100 °C for 1 h, a
described in previous works.5,16 The Si nc are located in
parallel and far apart planes instead of being randomly
uniformly distributed all over the oxide host, and particu
care was taken in order to obtain the very same Si nc
distribution. The sample was then irradiated with a 2 MeV Si
ion beam, under the same experimental conditions. The
spectra and the luminescence lifetime at 800 nm are res
tively presented in Figs. 4 and 5. First of all it is wor
noticing that, in spite of the same size distribution, the
spectrum of the reference sample is blue-shifted with res
to the randomly distributed Si nc sample, being peaked
around 730 nm. Moreover, the lifetime of the same class
Si nc, i.e., those emitting at 800 nm, is different in the tw
reference samples, being longer and less stretched in
sample containing far apart Si nc. Both of these experime
evidences prove a strongly suppressed interaction amon
nc, which now act as to be almost isolated. It is interesting
note that in this sample though the PL intensity decrea
with increasing dose~Fig. 4! the time decay remains con
stant, at least up to 131012/cm2. This demonstrates tha
while the total number of luminescent centers is decreas
no introduction of new nonradiative deexcitation paths is
served. The Si nc that can still emit seem to be unable
interact with the defects that are present in the oxide h
after ion irradiation. The same must be true in the annea

FIG. 3. Normalized PL intensities~a! and lifetimes~b! at 800
nm for a SiOx film with 39 at. % of Si annealed at 1250 °C for 1
and irradiated with 2 MeV He1, Si1, Ge1, Au1 at different doses.
The lines are guides to the eye.
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SiOx sample. So how do we explain the strong lifetim
quenching in that sample? The Si nc concentration is hig
so that the mean distance between Si nc decreases, a
strong interaction among Si nc sets in. After ion irradiation
nondamaged Si nc might be surrounded by a nearby d
aged nc with whom it can interact. The damaged nc w
therefore, behave as a quenching center for the lumines
one, thus generating a nonradiative path for it. With incre
ing ion dose, the mean number of damaged nc surroundi
luminescent center increases, and so does the probability

FIG. 4. PL spectra of a Si/SiO2 superlattice~with a Si layer
thickness of;0.9 nm! annealed at 1100 °C for 1 h~reference! and
after being irradiated with a 2 MeV Si1 ion beam at different dose
in the range between 131010 and 131013/cm2. Spectra were mea
sured at room temperature and at a laser pump power of 10 m

FIG. 5. Decay-time measurements of the PL signal at 800
for a Si/SiO2 superlattice~with a Si layer thickness of;0.9 nm!
annealed at 1100 °C for 1 h~reference! and subsequently irradiate
with 2-MeV Si1 at different doses. Data were taken at room te
perature and at a laser pump power of 10 mW. The measured
time for the reference sample is 63ms.
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DEFECT PRODUCTION AND ANNEALING IN ION- . . . PHYSICAL REVIEW B 65 144109
nonradiative decay from the same nc, thus producing
lifetime quenching reported in Fig. 2.

B. Phenomenological modeling

It is well known that an energetic ion passing through
solid substrate can interact with a host atom by losing ene
in electronic or nuclear collisions, being eventually stopp
in the material. In the electronic stopping regime, the fast
loses energy interacting with electrons in the solid, i.e., p
ducing electronic excitations or ionizations of target atom
while in nuclear stopping regime the ion loses much of
energy in an elastic collision with a host atom, eventua
displacing it from its original lattice position if the lost en
ergy is higher than a critical value, characteristic of the m
trix and known as thedisplacement energy. If the displaced
atom has enough energy, it can become itself a sourc
other displacements, thus producing a ‘‘cascade,’’ which
the spatial envelope of all the atoms displaced by both
primary and secondary ions. In our experiment we can
sume that the energy of the incident ion is practically co
stant with depth, the film thickness being small~;0.1 mm!
with respect to the projected range. This also means
within the film, each cascade can be approximated by a
inder, whose height is the film thickness and whose areaAc
can be defined as the area of a section perpendicular to
ion trajectory within which it is more probable to find
displaced atom. In order to determine the important para
eters for the different collision cascades, we perform
TRIM’90 Monte Carlo simulations30,31 for the different ions
at the irradiation energy. We thus obtained the total num
of displaced atoms per incident ion within each cascade,
each ion mass, and the areaAc of each collision cascade
Once these parameters are known, it is easy to calculate
mean defect concentrationnc inside each collision cascade
defined as the ratio between the total number of displa
atomsDc inside the cascade and the volumeVc of the cas-
cade,

nc5
Dc

Vc
5

Dc

Act
5

d

Ac
, ~3!

where t is the film thickness andd[Dc /t is defined as the
number of displaced atoms per incident ion per unit traj
tory length within each collision cascade. Thus the def
concentration in each collision cascade is just the numbe
displaced atoms per incident ion per unit length, divided
the mean cascade area.

Now we want to focus our attention on the defect form
tion within the Si nc dispersed in the SiO2 matrix. We will
assume that one single defect inside the volume of a n
enough to quench its luminescence. This is plausible si
for instance, it has been demonstrated for porous Si that e
a single Si dangling bond at the surface of a nanocrysta
acts as a very efficient nonradiative center, causing the c
plete quenching of the nc luminescence.4 The fraction of
quenched nc is, therefore, equal to the fraction of dama
nc, which is equal to the probability that a nc is damaged
other words, we need to calculate the probability of findi
at least one defect inside a nc, for a fixed ion dosef. It is
possible to distinguish between two different regimes for
14410
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ion dose, depending on the area of the collision cascadeAc .
In fact, we can define a critical dosefc[1/Ac , such that for
f!fc we are in a first regime, characterized by very f
apart collision cascades, while forf@fc a second regime
arises, in which the collision cascades are completely o
lapping.

In the first case a Si nc can be damaged only if it
located inside a cascade, all the defects being concentrat
that particular region of the film. But even if the nc is insid
a cascade, this does not necessarily mean that it is dama
as the location of a defect inside a cascade is a stoch
phenomenon. Thus, the probabilityPd of a Si nc being dam-
aged after ion irradiation at doses much smaller than
critical value must be the product of the probabilityPc of
finding the nc inside a cascade and the probabilityP>1 that,
being inside the cascade, at least one defect is containe
its volumeVnc. At a fixed ion dosef, we can determine a
surface of the filmS[1/f containing only one collision cas
cade. Since we are interested in the fraction of quenched
we can concentrate our analysis on the volume under
areaS, which is representative of the overall film. The pro
ability of a nc being in the volume of the collision cascade
simply given by

Pc5
Ac

S
5fAc , ~4!

no matter at which depth it is located. Now we switch to t
calculation ofP>1 , i.e., the probability that at least one d
fect exists inside a nc. First of all, it is necessary to calcul
the probability of having exactlym defects inside a nc. The
total number of defectsM inside the cascade is given byM
5ncVc , wherenc is the concentration of displaced atom
andVc5Act is the volume of the cascade. The probability
generating a defect exactly in the nc is given by

p5
Vnc

Vc
, ~5!

whereVnc is the nc volume. Whilst the probability of a de
fect being located outside the nc is

q512p512
Vnc

Vc
. ~6!

Thus, taking all the possible configurations into accou
the probability of having exactlym defects in the nc and the
remainingM-m outside its volume is given by the binomia
distribution

Pm5
M !

m! ~M2m!!
pmqM -m. ~7!

It is worth noticing that the mean number of defects co
tained in a nc is equal to

m̄5pM5
Vnc

Vc
ncVc5ncVnc, ~8!
9-5
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D. PACIFICI et al. PHYSICAL REVIEW B 65 144109
which is the defect density times the nc volume, as o
would expect. SinceVnc!Vc , it results thatp!q and also
m!M . Thus Eq.~7! can be approximated by the Poisson
normal distribution

Pm5
m̄m

m!
e2m̄. ~9!

In order to calculate the probability of having at least o
defect inside the nc, we need to sum Eq.~9! over m in the
range between 1 andM. Being m!M , we make a small
error in summing between 1 and̀. Thus we have

P>15(
1

`

mPm5(
0

`

mPm2P0512P0 , ~10!

where we have used the normalization condition.P0 is the
probability that the nc has no defects at all, being theref
still ‘‘alive,’’ and is given by P05e2m̄. Eventually,

P>1512e2m̄512e2ncVnc. ~11!

Then the total probability that a nc is damaged by the
irradiation and for a dose much smaller than the critical o
i.e., f!fc , is

Pd5PcP>15fAc~12e2ncVnc!. ~12!

It is worth noticing that the mean defect concentrationNd
inside the film can be expressed as the ratio between the
number of displaced atoms in a cascade and the volum
the region of interest containing that cascade, having sur
areaS and thickness,

Nd5
Dc

St
5df, ~13!

where we used again the definitionsS[1/f and d[Dc /t.
By using Eq. ~13! together with Eq.~3!, it is possible to
rewrite Eq.~12! in the form

Pd5
Nd

nc
~12e2ncVnc!. ~14!

Developing the exponential in terms ofncVnc!1, Eq.~14!
can be written in a first-order approximation as

Pd>NdVnc, ~15!

which shows that forf!fc and for cascades of low densit
the probability of damaging a nc varies linearly with th
mean defect concentrationNd in the film, being independen
of any parameter related to the particular ion used.

If f@fc , the cascades are totally overlapping, thus al
the film surface is covered by the ion beam. Hence the pr
ability Pc of finding a nc in a cascade is just 1. In this regim
the probabilityPd is determined only by the defect conce
tration Nd , which now increases linearly with ion dose an
can be approximated by
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Nd5nc

f

fc
5

d

Ac

f

fc
5df, ~16!

where we used the definitionfc[1/Ac . Thus we regain the
same result found in Eq.~13! for a completely different dose
regime.

Therefore, the probability that a nc has at least a de
inside its volume can be easily obtained by substitutingnc
with Nd in Eq. ~11!, thus resulting in

Pd512e2NdVnc, ~17!

which tells us that the damage mechanism depends a
only on the defect concentrationNd , i.e., through Eq.~16!,
on the numberd of displaced atoms per incident ion per un
length, which is fixed by the matrix and the ion mass a
energy, on the ion dose and on the nc volume. In particu
the smaller the nc volume, the higher has to be the ion d
in order to obtain the same fraction of damaged nc. Mo
over, for a fixed nc volume and ion dose, the fraction
damaged nc depends only ond, i.e., on the ion mass an
energy.

We previously assumed that a nc becomes ‘‘dark’’ when
contains at least one defect. Now it is easy to compare
model with the experimental data. By using Eq.~2! and the
luminescence and lifetime data reported in Fig. 3, it is p
sible to obtain experimentally the quenched fractionf q of Si
nc, i.e., of nc that are unable to emit light after ion irrad
tion, versus the defect concentration related to the d
through Eq.~16!, which is valid for all doses. In fact, we
have

f q512
N

NRef
, ~18!

whereN/NRef is the ‘‘surviving’’ fraction of Si nc,N is the
number of still emitting centers after a certain dosef and
NRef is the total number of emitting Si nc in the referen
sample, i.e., not yet irradiated. According to Eq.~2!, N is
proportional to the intensityI and inversely proportional to
the luminescence lifetimet. Thus, we easily obtain for the
surviving fraction of Si nc,

N

NRef
5

I

I Ref

tRef

t
, ~19!

where all the variables are experimentally measurable
Fig. 6 the experimental fraction of quenched Si nc, as de
mined through an analysis of the data shown in Fig. 3
using formulas~18! and ~19!, is presented with differen
symbols for each ion and versus the defect concentra
calculated through Eq.~16!. In the same figure, the simulate
curve of the damaged fraction of Si nc given by Eqs.~14!
and ~17! is reported as a continuous line~right-hand scale!,
by using a value of 1.7 nm for the mean Si nc radius, in go
agreement, within the experimental errors, with the va
determined by dark field TEM plan views. It is worth notic
ing that Eqs.~14! and ~17! perfectly match atNd5nc . The
impressive agreement between the experimental data an
simulated curve, in view of the fact that no adjustable para
9-6
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DEFECT PRODUCTION AND ANNEALING IN ION- . . . PHYSICAL REVIEW B 65 144109
eters have been involved in the simulation, validates the
pothesis that in order to quench the nc luminescence,
sufficient to have just one defect inside its volume. It
worth noticing that in the case of Si implants, i.e., fixing t
displacements per atom, both the nc found in the anneale
SiOx sample and in the superlattice show the same exp
mental trend for the quenched fraction, even if their struct
is very different.

We can gain a greater insight in the lifetime behavior
the irradiated Si nc formed in the annealed SiOx film by
plotting the luminescence lifetime at 800 nm versus
quenched fraction of Si nc, as reported in Fig. 7. It is int
esting to observe that the lifetime has the same trend fo
the ions used. This means thatf q is the right physical param
eter to look at in trying to explain the quenching mechanis
occurring with increasing the ion dose. In particular forf q
,0.5, the lifetime decreases only by a factor of;0.8, while
in the range 0.5, f q,0.9 it decreases very strongly, bein
reduced by a factor of;0.2. In order to understand thi
experimental trend, at least qualitatively, we have first of
to stress the fact that the Si nc are interacting among e
other. This interaction is reflected in the stretched expon
tial behavior shown by the luminescence decay time, wh
is characterized by a dispersion factorb50.75 for all the
used ions. This factor gives an idea of the interconnec
between nc, and tends to 1 when the nc are almost isola
With increasing the ion dose and for all the ions usedb
remains constant, demonstrating that the irradiation does
affect at all the energy transfer among neighboring nc. W
the irradiation does is certainly to reduce the number of em
ting Si nc, as previously demonstrated. In fact, with incre
ing defect concentration inside the film, more and more
begin to contain at least one defect inside their volume, t

FIG. 6. Quenched fractionf q of Si nanocrysals vs defect con
centrationNd left over by the ion beam for a Si/SiO2 superlattice
~with a Si layer thickness of;0.9 nm! annealed at 1100 °C for 1 h
and after 2-MeV Si1 implants~l! and for a SiOx film with 39 at. %
Si annealed at 1250 °C for 1 h after 2-MeV He1, Si1, Ge1, Au1

implants~j, d, m, .!. The continuous line is the probability of
nc having at least one defect in its volume, as obtained from E
~14! and ~17! with the parameters fixed by the experiment.
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becoming damaged and, therefore, ‘‘dark.’’ But this does
prevent a damaged nc to interact with a good one. And
fact, for a small fraction of damaged nc, i.e., small defe
concentrationNd , the majority of nc are surrounded by non
damaged nc with which it can interact. So the energy c
wander all around the sample until a damaged nc, acting
nonradiative center, is met, thus causing the energy to
definitively lost. Increasing the fraction of quenched
means to increase the total amount of quenching center
the sample. In fact, this determines the slight decrease o
lifetime vs f q ~quenched fraction!, which is experimentally
observed for values up to 0.5. Whenf q is equal to 0.5, this
means that 50% of the total number of emitting centers
damaged, so that every emitting nc is surrounded by a d
aged one. The vicinity between the emitting and the dama
centers causes the lifetime quenching to become much s
ger. And, as a matter of fact, forf q.0.5 a quick drop in the
luminescence lifetime is experimentally observed, as p
sented in Fig. 7. The behavior oft for f q values in the range
between 0.9 and 1 is not experimentally accessible, since
luminescence signal of the irradiated samples is too fee
for lifetime measurements to be performed, but it would
reasonable to expect a saturation behavior forf q approaching
the value of 1. In fact, in this regime the few Si nc that a
still able to emit are very far apart from one another, be
completely surrounded by damaged nc. Thus adding
more damaged Si nc to the sample would not affect the l
time properties of those emitting nc.

C. Defect annealing in Si nanocrystals

In order to investigate in greater detail the nature of
irradiation damage on Si nc, we annealed at different te
peratures and for different times the Si nc, formed in t
SiOx film annealed at 1250 °C for 1 h and irradiated with 2

s.

FIG. 7. Lifetime measured at 800 nm for a SiOx film with 39
at. % Si annealed at 1250 °C for 1 h after irradiation with 2 MeV
He1, Si1, Ge1, Au1 ions ~j, d, m, .! and for the same sampl
irradiated with 2 MeV Si1 at a dose of 531012/cm2 after isochro-
nal annealing processes at different temperatures in the range
tween 100 and 800 °C~n!.
9-7
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D. PACIFICI et al. PHYSICAL REVIEW B 65 144109
MeV Si1 at a dose of 531012/cm2. At this dose, while a
huge number of Si nc are still present in TEM dark fie
views, only 30% of the initial number of nc are survivin
from a luminescence point of view. Therefore, this dose
enough to quench 70% of the initial number of Si nc witho
amorphizing them. In Fig. 8 the PL spectra of the a
implanted, of the reference, and of the samples anneale
different temperatures for 4 h, are shown. With increas
annealing temperature, the luminescence intensity is see
increase, until it reaches the reference value at a tempera
of 800 °C. No changes in the shape of the spectra have b
observed within the temperature range used. The photolu
nescence time decay curves recorded at 800 nm~not re-
ported! show a complete recovery of the lifetime after a
nealing the sample at 800 °C too. This means that afte
annealing at 800 °C for 4 h, also the number of emitting
recovers its original value, attesting the fact that this therm
treatment is able to recover the damage in all the quenc
Si nc.

At this stage a comment needs to be made. In Fig. 7
showed that the lifetime of irradiated nc depends on the fr
tion of quenched Si nc and we explained this behavior
terms of energy migration among Si nc. If this is the case
similar behavior should be obtained also after annealing.
deed, in Fig. 7 the open symbols refer to the lifetime m
sured in annealed samples~at different temperatures! versus
the fraction of quenched Si nc~which decreases with increas
ing the annealing temperature!. The similar trend followed
by the lifetime in both the irradiation and annealing expe
ments definitely demonstrates that the physical param
that rules the quenching of the lifetime is just the fraction
quenched ncf q , no matter how this value is obtaine
whether through ion irradiation or by annealing of a da
aged sample.

FIG. 8. PL spectra of a SiOx film with 39 at. % Si excess an
nealed at 1250 °C for 1 h~reference!, of the same sample afte
2-MeV Si1 irradiation at a dose of 531012/cm2 ~continuous line!
and of the irradiated sample after annealing processes for 4 h at
different temperatures, in the range between 100 and 800 °C. S
tra were measured at room temperature and at a laser pump p
of 10 mW.
14410
s
t
-
at

g
to

ure
en
i-

n
c
al
ed

e
c-
n
a
-
-

-
er
f

-

It is interesting to investigate the kinetics of both the i
tensity and the lifetime recovery, and eventually of the fra
tion of recovered Si nc. Thus we performed isothermal
nealing processes for times between 5 s and 4 h, and for
temperatures up to 1150 °C. As an example, in Fig. 9
results obtained for three different temperatures~400, 700,
and 800 °C! are reported. Both the intensity and the lifetim
measured at 800 nm tend to quickly saturate for annea
times greater than;10 s. The same trend is followed by th
fraction of emitting nc, obtained through Eq.~19!. It is worth
noticing that for the two temperatures of 400 and 700 °C
saturation values are different, in particular the higher
temperature, the higher is the saturation value, but, m
important, despite the long annealing times it is impossi
to regain the initial value of emitting Si nc. This trend
typical of processes in which a continuous range of acti
tion energies can take place. At each of the used annea
temperatures, a different set of annihilation processes
probed. Indeed for low temperatures, only those defects c
acterized by a low activation energy can annihilate at a m
surable rate and when they are all removed a saturatio
reached. At higher temperatures the processes with low a
vation energies have been completed, and only defects
progressively higher activation energies annihilate. Thus,
fact that at 800 °C after 4 h it is possible to obtain a to
recovery of both the PL intensity and the lifetime, i.e., of t

ec-
er

FIG. 9. Normalized PL intensities~a!, lifetimes~b!, and number
of Si nc ~c! emitting at 800 nm for a SiOx film annealed at 1250 °C
for 1 h, irradiated with 2-MeV Si1 at a dose of 531012/cm2 and
annealed at 400, 700, and 800 °C, for different times. The satura
behavior for each annealing temperature suggests the presen
many activation energies in the recovery process of damaged S
9-8
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DEFECT PRODUCTION AND ANNEALING IN ION- . . . PHYSICAL REVIEW B 65 144109
fraction of emitting Si nc, means that an upper limit for t
activation energies of the damaged sample exists.

It is possible to obtain the saturation value for the fract
of emitting nc vs the annealing temperature, by deducin
from the data in Fig. 8 and from the lifetime measureme
through Eq.~19!. The result of such an exercise is shown
Fig. 10. We want to stress the fact that the annealing time
4 h is much higher than the saturation time of;10 s, so that
for each annealing temperature we are in an equilibrium
gime. This means that in Fig. 10 we are looking at the to
fraction of Si nc that can be recovered for each particu
annealing temperature. At room temperature the surviv
fraction of nc after the ion irradiation with a dose of
31012/cm2 is about 30% of the total number of emitting n
in the reference sample. Up to 200 °C, the population
damaged nc seems to be unaffected by the annealing.
increasing the temperature, the fraction of emitting nc st
to increase linearly, meaning that a certain number of def
are beginning to be annealed out. This linear regime end
800 °C, for which the damaged fraction of nc has totally be
recovered.

More information can be obtained by a detailed analy
of the data shown in Fig. 10. In fact, from the data shown
Fig. 10, we can now obtain the activation energy spectrum
the defects present in Si nc. By fixing the annealing tempe
ture we are selecting all those recovery events that invo
the annealing of those defects with activation energies lo
than a critical valueEa , related to that particular temperatu
by the well-known relation33,34

Ea5kT ln~nt !, ~20!

wherek is the Boltzmann’s constant,T is the annealing tem
perature in kelvin,t;10 s is the saturation value of the a

FIG. 10. Fraction of emitting Si nc in a SiOx film annealed at
1250 °C for 1 h, irradiated with 2 MeV Si1 at a dose of 5
31012/cm2 as a function of the annealing temperature. All the a
nealing processes were performed for 4 h, for which a saturatio
both the intensity and the lifetime, i.e., ofN/NRef, was observed. It
is worth noticing that at 800 °C the complete recovery of the nu
ber of emitting Si nc occurs, thus fixing an upper limit for th
activation energies characterizing the defects in the damaged S
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nealing time~see Fig. 9!, and n is an attempt frequency
Since we are involved in the annealing of defects in a cr
talline matrix, we can assume thatn is the vibration fre-
quency of an atom at that particular temperature, which
equal to;kT/h, whereh is the Planck’s constant. We ca
look at the distribution of recovery events by plotting th
derivative of the emitting fraction of Si nc vs the activatio
energy given by Eq.~20!, as reported in Fig. 11. This deriva
tive, denoted asr(Ea), represents the density of defect r
covery events occurring per unit energy range. Hen
r(Ea)DE gives the fraction of defects having activation e
ergies in the range betweenEa and Ea1DE. The trend of
r(Ea) vs Ea reported in Fig. 11 is very interesting, as
demonstrates the presence of a population of defects in S
characterized by a continuous spectrum of activation en
gies, ranging between;1 and;3 eV. In particular, forEa
,1.5 eV, i.e., for temperatures lower than;300 °C, practi-
cally no recovery events occur, while in the energy ran
between 1.5 and 3.0 eV, corresponding to the tempera
range between 300 and 800 °C, a variety of defects that
annealed out at a constant rate exists in the low dose d
aged nc.

A question now arises on the nature of the defects that
are producing and annihilating. At a Si dose of
31012/cm2 the collision cascades are overlapping, beingf
.fc . Thus, through Eq.~8! in which we use for the defec
concentration the value given by Eq.~13! instead ofnc , we
can estimate the mean number of defects inside a nc to
;1.2. In fact, for this value the surviving fraction of Si n
calculated by puttingm50 in Eq.~9! is just 30%. Moreover,

-
of

-

nc.

FIG. 11. Activation energy spectrum obtained for a SiOx film
with 39 at. % Si content annealed at 1250 °C for 1 h and irradiated
with 2 MeV Si1 at a dose of 531012/cm2. r(Ea) is the derivative
of N/NRef, shown in Fig. 12, with respect to the activation ener
Ea related to the annealing temperatureT through Eq.~20!, and is
proportional to the number of recovery events occurring per u
energy interval. The damaged Si nc are, therefore, characterize
a variety of defects with activation energies in the range betw
1.5 and 3.0 eV.
9-9
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D. PACIFICI et al. PHYSICAL REVIEW B 65 144109
by using Eq.~9! we can calculate the probability of a n
having exactlym defects, or, which is the same, the fractio
of nc containing in their volume exactlym defects, left over
by the ion beam. In particular, the probability of having 1,
3 or 4 defects in a nc is respectively equal to 0.36, 0.22, 0
or 0.03, the probability of having more than five defec
being infinitesimal. Therefore, 36% of the damaged nc c
tain only one defect, while the remaining 34% have mo
than one defect inside. It is tempting to assume that the
covery events occurring with activation energies betwee
and 3 eV are related to the annihilation of defect structu
whose variety and complexity increase with the number
defects actually present in each Si nc.

D. Recrystallization of amorphized Si nanocrystals

A totally different scenario is met by dealing with a Si n
sample irradiated with 2 MeV Si1 ions at a dose of 2
31013/cm2. In fact at this particular dose the PL intensity
completely quenched, as can be seen in Fig. 1. This me
that all the nc have been quenched. At the same time
TEM dark field views ~not shown!, no more Si nc are
present. Therefore, this low dose is enough to totally am

FIG. 12. Normalized PL intensities~a!, lifetimes ~b!, and num-
ber of Si nc~c! emitting at 800 nm for a SiOx film annealed at
1250 °C for 1 h, irradiated with 2 MeV Si1 at a dose of 2
31013/cm2 and annealed at different temperatures in the range
tween 800 and 1100 °C and for different times. Dashed lines
guides to the eye, while continuous lines are fit to the data thro
Eq. ~21!. The PL properties as well as the crystallinity of the am
phized Si nc can be recovered at each of the annealing tempera
used, after an average annealing timetc that strongly depends on
the particular temperature.
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phize the Si nc present in the matrix. In order to study
recovery behavior of this system we performed thermal tre
ments of the as implanted sample at temperatures up
1150 °C and for annealing times in the range between 5 s and
20 h. It has been observed that for temperatures up to 70
practically no recovery of the PL intensity is observed.
addition, no recrystallization occurred as seen by TEM.
the contrary, for temperatures higher than 700 °C someth
different occurs. As an example, in Fig. 12 the PL intens
the lifetime and the number of nc emitting at 800 nm
obtained through Eq.~19!, are reported, normalized to th
respective values of the reference sample, versus the an
ing time and for different annealing temperatures. As c
clearly be seen, for each temperature, the PL intensity as
as the luminescence lifetime, measured at 800 nm, incre
with increasing the annealing time, until they completely
cover the reference values after a certain time that stron
depends on the particular annealing temperature. This be
ior is also followed by the fraction of Si nc that are able
emit light again after the thermal treatments. Actually th
fraction is equal to the fraction of recrystallized Si grains.
fact, after annealing at these temperatures, nc do ap
again as observed by dark field TEM. Thus, by studying
recovery of the luminescence properties of the amorphi
Si nc, we are indeed monitoring the transition between
amorphous and the crystalline phases of the Si grains pre
in the irradiated sample. The continuous lines in Fig. 12~c!
are fit to the data by using the expression

N

NRef
512e2t/tc, ~21!

where tc is the characteristic crystallization time, strong
temperature dependent. As a matter of fact, by reporting
an Arrhenius plot~Fig. 13! this characteristic time~that is
needed to attain the recovery of the Si grains! vs the recip-
rocal of the annealing temperature, we find that the recov

e-
re
h

-
res

FIG. 13. The characteristic recrystallization timetc needed to
completely recover the initial number of emitting Si nc, as extrac
from the data in Fig. 12~c!, is reported vs the reciprocal of th
annealing temperature. An activation energy of 3.4 eV can be e
mated for the recrystallization of amorphized Si nc.
9-10
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DEFECT PRODUCTION AND ANNEALING IN ION- . . . PHYSICAL REVIEW B 65 144109
process is thermally activated with a single activation ene
of ;3.4 eV. Actually this is the activation energy for th
recrystallization process of an amorphized Si nc.

A few comments need to be made at this stage. Firs
all, from the picture drawn up to now, it emerges that t
complete amorphization of a Si nc can occur at doses as
as 231013/cm2, at which it is estimated that only a few
defects are left by the ion beam inside each nc. Since th
doses are far away from the amorphization threshold o
single crystal,22,33 this demonstrates that amorphization of
nc is by far easier than amorphization of bulk Si. This is n
surprising. In fact, it is well known that the surface of
single-crystal Si wafer~i.e., its interface with the native ox
ide! represents a preferential nucleation site
amorphization24 that starts there under ion bombardme
well before than in the bulk. In the present case, each nc
a large surface area acting as a strong nucleation site fo
amorphous phase.

Moreover, our data demonstrate that, while amorphiza
is easier in Si nc, crystallization is much more difficult wi
respect to a bulk amorphous Si. In fact, temperatures hig
than 800 °C and long annealing times are needed to rec
tallize the amorphized nc, the amorphous-to-crystall
phase transition being characterized by an activation en
of ;3.4 eV. This behavior is in agreement with recent d
by Zachariaset al.,27 showing that the crystallization tem
perature of very thin amorphous Si layers increases with
creasing layer thickness.

Indeed, we can think at the recrystallization of an am
phized Si nc as a transformation process occurring thro
nucleation and subsequent growth of the crystalline ph
inside each nc, with the nucleation being the limiting st
Usually the homogeneous nucleation of the crystalline ph
in an amorphous Si film is characterized by an activat
energy of;5.3 eV, as reported in Ref. 35. In our case, due
the large surface/volume ratio of each nc, the nucleatio
probably heterogeneous, the surface being a prefere
nucleation site. The activation energy of the nucleation p
cess can be expressed as35

Ea,nucl5DG* 1Ekinetic, ~22!

where DG* is the free energy difference at the critic
nucleus andEkinetic the kinetic contribution, due to the for
mation and migration of the defects responsible for the ph
transformation. In thermal nucleationDG* is ;2 eV,35 its
value being determined by a balance between a free-en
reduction term due to the free-energy difference among
crystalline and the amorphous phases times the transfor
volume, and a free-energy increase term due to the sur
tension times the ‘‘new’’ surface formed as a result of t
phase transformation. Since the nucleation occurs very lik
at the surface of the amorphous zone, the ‘‘new’’ surfa
formed is much smaller and this results in a reduction in
surface-free-energy term and, in turn, in a dramatic reduc
in DG* . For instance, a surface reduction by a factor o
produces a decrease ofDG* by a factor of 8. We can then
state thatDG* is probably small in the present case and m
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of the activation energy for the nucleation is due to the
netic term. In fact,Ekinetic;3.4 eV for amorphous Si~Ref.
35! actually equals the value we obtained for the activat
energy associated to the recrystallization of amorphized

Thus we would expect the crystallization of the amo
phized nc to occur through nucleation followed by a rap
growth of the crystal grain. In fact, at 800 °C a few secon
are enough to totally grow a 1.5-nm Si nc using the literat
growth velocities for small crystal grains.35

But, since the activation energy for nucleation is lower
amorphized nc than that in the bulk, why does the recrys
lization of all the nc require such long times and high a
nealing temperatures? Actually, in order to attain the to
crystallization of an amorphous bulk Si, only a few crys
nuclei need to be formed. In fact, subsequent growth of
crystalline phase is so fast that the total crystallization occ
in characteristic times that are much smaller than those
quired for the formation of new crystal nuclei. Therefore, t
final structure consists of a few large grains. On the ot
hand, in order to observe the total recovery of the PL pr
erties of the amorphized nc, all of them have to recrystalli
But the crystal growth is now spatially limited in the sing
grain volume, ending at the interface between the nc and
oxide matrix. Thus, in order to observe the complete recr
tallization, we have to wait enough time for the nucleation
occur in ‘‘all’’ of the amorphous grains. As an example,
Ref. 35 it is reported that at;800 °C the time needed for th
total crystallization of the amorphous film is;20 s. Since
the measured nucleation rate is;1013/cm3 s, this means tha
only 231014/cm3 nucleation sites are formed, randomly di
tributed in the amorphous film. In our sample, the concen
tion of nc is;1019/cm3, while the characteristic crystalliza
tion time at that temperature is;53104 s, bringing to a
mean nucleation rate of more than;231014/cm3 s, i.e., one
order of magnitude higher than for bulk amorphous Si. T
increased value is a clear dimensionality effect present in
sample, arising from the high surface/volume ratio that ch
acterizes the amorphized Si nc and favors the heterogen
nucleation at the amorphized nc/SiO2 interface. Despite the
increased nucleation rate, the characteristic recrystalliza
times are much longer than for bulk amorphous Si, since
need to form a greater number of crystalline nuclei~i.e., at
least equal to the total number of amorphized nc! and more-
over in a well-defined region~i.e., in the Si nc volume!.

IV. CONCLUSIONS

In the present work, the damaging effects of ion be
irradiation and subsequent annealing on Si nc have been
ported. In particular, we used the luminescence propertie
the irradiated and annealed nc as a probe of the dama
mechanisms occurring in Si nc. We demonstrated that
increasing the ion dose, the luminescence and the lifet
recorded at 800 nm begin to decrease after a critical d
depending on ion mass, the luminescence quenching b
much stronger than the lifetime one. Thus, we have exp
mentally demonstrated that the number of emitting cen
has to diminish too. This means that even at doses m
lower than the one needed to amorphize bulkc-Si, a Si nc
9-11
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can be damaged in such a way as to become ‘‘dark’’ from
luminescence point of view, not necessarily being am
phous. Anyway, by increasing the ion dose, a Si nc can e
be amorphized at doses well below those needed to am
phize bulk crystalline silicon. By assuming that a Si nc
mains damaged when it contains at least one defect, we
veloped a model in which the quenched fraction of
depends exponentially on the nc volume and on the t
defect concentration left over by the ion beam. The agr
ment with the quenched fraction of nc, extracted by the
minescence and lifetime measurements, demonstrates t
is sufficient to have just one defect inside the nc in orde
quench its luminescence. Moreover, by performing isoch
nal and isothermal annealings of Si-irradiated samples,
were able to study in detail the recovery mechanisms in
ferent dose regimes. We have demonstrated that at a Si
of 531012/cm2, corresponding to;1 defect per nc on an
average, defects are characterized by a large variety of
vation energies in the range between;1 and ;3 eV. In
the case of amorphized nc, obtained at a Si dose o
31013/cm2, the recovery process and consequently the tr
sition between the amorphous and the crystalline phases
Si grain, have been demonstrated to be thermally activa
with a single activation energy of;3.4 eV, which has been
e
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directly associated with the nucleation process starting at
grain surface. Anyway, although it has been shown t
nucleation rates one order of magnitude higher can be
tained due to surface effects, temperatures higher t
800 °C and longer annealing times are required with resp
to bulk amorphous Si, in order for the recrystallization pr
cess to become measurable. In fact, while for amorphou
only a few nuclei need to be formed, in order to observe
recrystallization of all the amorphized Si nc it is necessary
form a much larger number of nuclei, i.e., equal to the nu
ber of amorphous grains, and moreover, in a well-defin
region, i.e., the grain volume. Thus the characteristic crys
lization times become much longer than for amorphous
These data demonstrate that the amorphization of l
dimensional Si structures is much easier while crystallizat
is much more difficult with respect to bulk silicon.
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