PHYSICAL REVIEW B, VOLUME 65, 144109

Defect production and annealing in ion-irradiated Si nanocrystals
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In this paper the formation and annihilation of defects produced in Si nanocrys@ldy ion-beam
irradiation are investigated in detail. The luminescence properties of Si nanocrystals embedded jn a SiO
matrix were used as a probe of the damaging effects generated by high-energy ion-beam irradiation. Samples
have been irradiated with 2 MeV He Si*, Ge", and Au" ions at different doses, in the range between
1x10°/c? and 1x 10'%cn?. With increasing the ion dose, the nc-related photoluminescé®icestrongly
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.
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[. INTRODUCTION oxide layer. In this way the energy hopping between nc is
less probable, due to the larger mean distance among Si nc.
Since the discovery of porous silicon as an efficient light The damage and recrystallization of crystalline bulk sili-
emitter® a lot of work has been done in order to understancfOn is @& well-known and widely studied subjett: Only
the origin of the peculiar luminescence properties of siliconr€cently the recrystallization properties of amorphous Si lay-
nanostructures. Nowadays it is well understood that quanturﬁia\f[vétrh dtgtlgill(geaisaetshLa:gg;tt?rigozrtgm rgi\ﬁ ibset?]r;tsttﬁglg?y:
fr?:sf?irgr?g;t:icrteusrggnasr:t()jleihgtr tthhe sbill‘éijg;gegjos;n;s’;zg OE’;lllization temperature increases with decreasing layer

) : . thicknes<>=?’ In contrast, apart from a few papéefs’’ the
interface between a Si nanocrystal and the oxide host plays g6 of jon-beam-induced damage in the structural and opti-
crucial role in explaining the strong Stokes shift between th

&al properties of Si nanocrystals embedded in,3&not yet

emission and the absorption observed in porous Si, produGiear, and a comprehensive picture of the overall damaging
ing carrier-related states in the band gap from which thenechanisms in Si nc is still lacking.

electron-hole(e-h) pair can recombine after being quickly  |n the present paper the luminescence properties of Si nc
trapped in. Moreover, the spatial confinement of carriers deproduced by plasma-enhanced chemical-vapor deposition are
termines both a greater overlap of taéhwave functions in  ysed as a probe of the defect generation under irradiation
k space and a strong suppression of nonradiative recombingirough energetic ion beams. By varying both the dose and
tion processes, thus producing an increase of the lumineshe mass of the incident ions, the main physical parameters
cence efficiency. Among all, porous silicdrf, silicon nano-  responsible for the quenching of the photoluminescence have
crystals (nc) embedded within Si© (Refs. 5-14 and been determined. Moreover, the defect annihilation has been
Si/SiO, superlatticesSL's),”>"1" have been widely studied studied by observing the luminescence recovery after both
both from an optical and a structural point of view. In par-isochronal and isothermal annealings. It is shown that a large
ticular, it has been recently demonstrated that, in general, Siariety of defects, having different activation energies, exists
nc act as interacting systems within the oxide matrix, within partially damaged Si nc, while the recrystallization of
the energy preferentially transferred from the smallez.,  fully amorphized Si nc is a thermally activated process, char-
larger band gapsto the bigger onegi.e., smaller band acterized by a unique activation energy-68.4 eV. A phe-
gaps.® This interaction can be strongly suppressed by ordernomenological model that is able to explain the overall ex-
ing the Si nc in nanometric periodic layers, spaced by arperimental picture is presented.
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Il. EXPERIMENT 2 MeV Si
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Samples were prepared by plasma-enhanced chemical-
vapor depositiofPECVD) using high-purity SiH and N,O
as precursors. The substrates, consisting "of 0 Czo-

1.0 | —=— Reference

[ —o—1x10" cm®

—a—1x10" em?

. o ; 08}

chralsl_q silicon wafers, were he_qted at 300°C du.rlng the o 5%10" em®
deposition process. The deposition system conS|sts' of a - 1x10" cm?
vacuum chambetbase pressure 10 ° torr) and a radio 061 o 550%em®

frequency(rf) generator(13.56 MH32, connected through a
matching network to the top electrode of the reactor. The
bottom electrode is grounded and acts also as sample holder.
We prepared two kinds of samples containing Si nanoc-
rystals. The first one is a 04m-thick substoichiometric
SiO, (x<2) thin film with 39 at. % of Si. The deposition S
process was performed by using® and SiH as source 600 650
gases, 50 W of rf input power, and a total pressure of 6
X 102 torr. After deposition, the SiQfilms were annealed

fc,)r 1 h at1250°C in uI’Frappre nitrogen atmosphere. _The FIG. 1. PL spectra of a SiJfilm with 39 at. % Si annealed at
high-temperature annealing induces the phase separation berg o for 1 h(referenci and of the very same sample irradiated
tween Si and Si@and a high density of small Si clusters is yith a 2 MeV Si* ion beam at different doses in the range between
obtained’ with a mean radius of about (15.4) nm. 1x10'°and 2x 10'¥/cn?. Spectra were measured at room tempera-
The second kind of sample is a Si/Si€uperlattice, con-  ture, with the 488 nm line of an Ar-Kr laser as the exciting source
sisting of 11 SiQ layers(6.5 nm thicK alternated with ten and at a pump power of 10 mWw.
ultrathin Si layers(0.9 nm thick. The SiQ layers were de-
posited by using a pO/SiH, mixture, with a total pressure (TEM) and photoluminescence, respectively. Dark field plan
of 3.5x10 2 torr and 30 W of rf power. Si layers were de- view and cross-sectional TEM analyses were carried out with
posited by using Sil, with a total pressure of 1.5 a 200-kV Jeol 2010 FX microscope to determine the nano-
% 102 torr and 25 W of rf power. After deposition, the SL’s crystal size distribution in both the damaged and the an-
were annealed for 1 h at 1100 °C in ultrapure nitrogen atmonealed samples.
sphere to induce the breaking and balling up of the ultrathin PhotoluminescencéPL) measurements were performed
Si films, with the formation of Si nc totally embedded within by pumping with the 488 nm line of an Ar-Kr laser. The
SiO, and almost completely isolated, as demonstrated in presump power(10 mW) was focused over a circular area of
vious works>*6 ~0.6 mm in diameter and the laser beam was mechanically
In order to study the defect formation in Si nc, the chopped at a frequency of 55 Hz. The luminescence signal
samples were irradiated at room temperature with 2 Mewas analyzed by a single grating monochromator and de-
He", Si*, Ge" or Au™ ions at different doses in the range tected by a photomultiplier tube. Spectra were recorded with
between X 10° and 1x 10'%cn?. The beam energy was a lock-in amplifier using the chopper frequency as a refer-
chosen in order to locate the projected range beyond thence. All the spectra have been measured at room tempera-
films containing Si nc. In fact for all the used ions, the cal-ture and corrected for the detector response. Luminescence
culated projected range varies between Qu#7 for Au and  lifetime measurements were performed by chopping the laser
6.84 um for He. By changing the ion mass, the nuclear en-beam with an acousto-optic modulator, detecting the lumi-
ergy loss was varied over four orders of magnitude, in thenescence signal with the photomultiplier tube and analyzing
range between 2:610 2 eV/A for He and 2.&«10° eV/A it with a photon counting multichannel scaler having the sig-
for Au. Through a detailed damage calculation by using thenal from the modulator as a trigger. The overall time resolu-
transport of ions in matter(TRIM) Monte Carlo tion of our system is of~30 ns.
simulations>®*!we calculated the area of each collision cas-
cade. Moreover, the average number of displaced atoms per [1l. RESULTS AND DISCUSSION
incident ion and per unit trajectory length has been evaluated
within each cascade, and it varies in the range between
2.8x10 * atoms/ion A for He and 2.4 atoms/ion A for Au. Before ion irradiation, all the samples show a strong pho-
Damage recovery of the as-implanted samples was peteluminescence even at room temperature. As an example, in
formed by isochronal thermal annealings in the temperatur€ig. 1 the PL spectrum of a sample containing Si(refer-
range between 100 and 1150 °C in vacuum or indimo-  ence sampleobtained by annealing at 1250 °C a $ifim
sphere. Moreover, in order to understand the kinetics of thavith 39 at. % of Si content is reported, together with the PL
damage recovery, we also performed isothermal annealinggpectra of the same sample irradiated with 2 MeV ®ns at
at different temperatures and for times in the range betweedifferent doses, in the rangex110'°—2x 10*¥cn?. The PL
5s and 20 h. spectrum of the reference sample is peaked at 820 nm and
The structural and optical properties of all the sampleshas a full width at half maximurtFWHM) of about 140 nm.
have been studied by transmission electron microscopWith increasing the ion dose, the PL intensity remains unaf-
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A. Damage accumulation in Si nanocrystals
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' ' regime, which is valid for all the samples used, the PL inten-

T
Reference

u
, A_=800nm o 1x10"em’ sity yigld of the emitting centers can be approximated by the
10 A 5x10"cm” ] following expression:
v 1x10%em” ]
& 35x10%cm” T
o 5x10%em’ |°CU'¢—N, (2)
TR

—e—75x10%cm”

where 75 is the radiative lifetime andl is the total number

of Si nc that are able to emit. Equatid®) is extremely

important for the understanding of the damaging mecha-

! R A nisms. In fact, it tells us that if the excitation conditions
0 50 100 150 200 remain unchanged, a variation of the luminescence yield can

Time (us) be due only to a change in the lifetimeor in the total
number of emitting centen, or in both of them. In Fig. 1 it
FIG. 2. Decay-time measurements of the photoluminescencgy possible to observe that at a dose of 102/ cr? the re-
signal at 800 nm for a SiOsample with 39 at. % Si, annealed at gjq, 5] |uminescence is60% of the reference one, while for
1250 °C for 1 h(referencg¢ and subsequently irradiated with 2 MeV the same dose the lifetime, reported in Fig. 2, is st80%

Si* at different doses. Data were taken at room temperature and & its original value. This means that in order to quantita-

a laser pump power of 10 mW. The measured lifetime for the ref'tively explain the decrease dfthrough Eq.(2), the total
erence sample is 54s.

number of emitting centers has to diminish too. In particular,
it has to be about 75% of the total number of emitting centers
fected up to X 10"%cn?. For higher doses, the PL signal is present in the unirradiated sample. Thus we have an experi-
clearly seen to decrease until it completely disappears fofmental evidence of the fact that even at very small doses
doses greater tham-1x10"Ycn?. Neither shifts nor (much smaller than the critical dose needed for the amor-
changes in the peak shape have been observed for all tiization of bulk crystalline $iwe can damage Si nc in such
used ion doses. Interesting information can be extracted by way that a fraction of them becomes “dark” from a lumi-
studying the decay time of the luminescence signal recordeflescence point of view. These nc, however, though damaged,
at 800 nm after shutting off the pumping laser beam throughare not necessarily amorphized. In fact, from TEM analyses
the acousto-optic modulator, as reported in Fig. 2 for differ-(not shown it appears that even at a Si dose of 5
ent ion doses. The luminescence signal decay is characteg10'%cn?, a huge number of Si nc with the same size dis-

Normalized PL Intensity
3

ized by a stretched exponential shape, given by tribution as that of the reference sample is still visible in dark
field configuration, while the PL signal reported in Fig. 1 is
t\8 almost completely quenched, demonstrating that a Si nc can
I(t)=|0ex;{ - (; } (1) become “dark” without necessarily being amorphous.

We repeated the irradiation experiment on the very same
sample by using several ions, at the same energy of 2 MeV.
wherel (t) andl, are the intensity as a function of time and The results are shown in Fig. 3, where both the intensity and
att=0, respectively, whiler and g are respectively the life- the lifetime of the PL signal at 800 nm coming from the
time and a dispersion factor whose value gives an idea of thigradiated sample are reported for different incident ions and
interaction strength among Si A¢*** The lifetime values versus the ion dose, normalized to the respective reference
obtained by fitting the experimental curves reported in Fig. 2/alue. As can be seen, even if the range of doses varies over
with Eq. (1) remain constant up to a dose ofl  several orders of magnitude, due to the large spreading in the
X 10*/cn?, while they start to decrease for higher ion dosesnuclear energy loss of the different ions, the general trend
suggesting that new nonradiative paths related to the pregsemains unchanged, with both the intensity and the lifetime
ence of defects left over by the ion beam are influencing thetrongly decreasing for doses greater than a critical value,
decay dynamics of the emitting centers. On the other f8de, depending on the particular ion used. In particular it is worth
is characterized by a value of 0.75, which remains constanioticing again that for all the ions the luminescence intensity
for all the ion doses. decreases more than the lifetime does with increasing the ion

All the spectra and the decay time curves have been oldose, confirming the fact that the total number of emitting Si
tained with 10 mW of pumping power, resulting in a photonnc is decreasing too. The picture that arises up to now is,
flux ¢ of about 8.% 10" cm™2s™%. The Si nc excitation therefore, the following(1) with increasing the ion dose the
cross sectiomr is almost independent of the detection wave-total amount of damage left over by the ion beam in the
length, i.e., of the Si nc size, and has a value-el  matrix increases, the amount of damage being higher at a
X 10716 cn?, as previously reportetiThus, for the excita- fixed dose for heavier iong2) the effect of damage is two-
tion rate of each Si nc we obtain a value¢p~8.7  fold, determining both the rising of new nonradiative paths,
X107 s 1, while the deexcitation rate for the reference as attested by the decrease of the luminescence lifetime, and
sample is7 1~1.85x10* s™! (7 being the luminescence the reduction of the total fraction of emitting Si nc, both
lifetime of the reference sample, recorded at 800).ris  effects leading to a quench of the luminescence intensity in
o¢p<llr, we are in the low pump power regime. In this the irradiated samples. Thus for a fixed ion dose, we can
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N "“"10 """"”' d — wual - """"M' il ~ e thickness of~0.9 nm annealed at 1100 °C for 1 (neference and
16 . . . . . .
100 107 100 107 10° 107 107 10 after being irradiated wita 2 MeV St ion beam at different doses
Dose (cm™) in the range betweenx10% and 1x 10*¥/cn?. Spectra were mea-

FIG. 3. Normalized PL intensitie&@) and lifetimes(b) at 800 sured at room temperature and at a laser pump power of 10 mW.

nm for a SiQ film with 39 at. % of Si annealed at 1250 °C for 1 h
and irradiated with 2 MeV Hg, Sit, Ge', Au' at different doses. SiO, sample. So how do we explain the strong lifetime
The lines are guides to the eye. quenching in that sample? The Si nc concentration is higher,
so that the mean distance between Si nc decreases, and a
think that the sample is composed of two different classes o$trong interaction among Si nc sets in. After ion irradiation, a
Si nc, i.e., the first made of Si nc that cannot emit anymorenondamaged Si nc might be surrounded by a nearby dam-
being damaged by the ion beam, the second formed of Si n@ged nc with whom it can interact. The damaged nc will,
that can still emit but whose lifetime is strongly affected by therefore, behave as a quenching center for the luminescing
new nonradiative processes. one, thus generating a nonradiative path for it. With increas-
In order to investigate the nature of these nonradiativéng ion dose, the mean number of damaged nc surrounding a
phenomena, we produced a sample with largely spaced Si dgminescent center increases, and so does the probability of a
by annealing a Si/Si9Qsuperlattice at 1100°C for 1 h, as
described in previous works® The Si nc are located in
parallel and far apart planes instead of being randomly and
uniformly distributed all over the oxide host, and particular e Reference
care was taken in order to obtain the very same Si nc size
distribution. The sample was then irradiatedhwat2 MeV Si
ion beam, under the same experimental conditions. The PL
spectra and the luminescence lifetime at 800 nm are respec-
tively presented in Figs. 4 and 5. First of all it is worth
noticing that, in spite of the same size distribution, the PL
spectrum of the reference sample is blue-shifted with respect
to the randomly distributed Si nc sample, being peaked at

—_
(=]

(=}

TP

& 1x10°cm”

v 1x10% cm”

Normalized PL Intensity

around 730 nm. Moreover, the lifetime of the same class of 00" et
Si nc, i.e., those emitting at 800 nm, is different in the two SaN A =800 nm wed o

. . 10 Tev Ve ]
reference samples, being longer and less stretched in the [ ve ]
sample containing far apart Si nc. Both of these experimental I V. Ve
evidences prove a strongly suppressed interaction among Si —— e - :
nc, which now act as to be almost isolated. It is interesting to 0 50 100 150 200
note that in this sample though the PL intensity decreases Time (us)

with increasing dos€Fig. 4) the time decay remains con-
stant, at least up to X 10'9cn?. This demonstrates that,  pig. 5, Decay-time measurements of the PL signal at 800 nm
while the total number of luminescent centers is decreasinger a Si/SiG superlattice(with a Si layer thickness 0f0.9 nm

no introduction of new nonradiative deexcitation paths is ob-annealed at 1100 °C for 1 (neference and subsequently irradiated
served. The Si nc that can still emit seem to be unable teiith 2-MeV Si* at different doses. Data were taken at room tem-
interact with the defects that are present in the oxide hosgerature and at a laser pump power of 10 mW. The measured life-
after ion irradiation. The same must be true in the annealetme for the reference sample is 63.
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nonradiative decay from the same nc, thus producing thén dose, depending on the area of the collision caséade

lifetime quenching reported in Fig. 2. In fact, we can define a critical dosig,=1/A., such that for
] _ ¢<¢. we are in a first regime, characterized by very far
B. Phenomenological modeling apart collision cascades, while fg¥> ¢, a second regime

It is well known that an energetic ion passing through aarises, in which the collision cascades are completely over-
solid substrate can interact with a host atom by losing energlapping.
in electronic or nuclear collisions, being eventually stopped In the first case a Si nc can be damaged only if it is
in the material. In the electronic stopping regime, the fast iofocated inside a cascade, all the defects being concentrated in
loses energy interacting with electrons in the solid, i.e., prothat particular region of the film. But even if the nc is inside
ducing electronic excitations or ionizations of target atomsa cascade, this does not necessarily mean that it is damaged,
while in nuclear stopping regime the ion loses much of itsas the location of a defect inside a cascade is a stochastic
energy in an elastic collision with a host atom, eventuallyphenomenon. Thus, the probabil®y of a Si nc being dam-
displacing it from its original lattice position if the lost en- aged after ion irradiation at doses much smaller than the
ergy is higher than a critical value, characteristic of the macritical value must be the product of the probabil®y of
trix and known as thelisplacement energyf the displaced  finding the nc inside a cascade and the probabitity that,
atom has enough energy, it can become itself a source @feing inside the cascade, at least one defect is contained in
other displacements, thus producing a “cascade,” which ists volumeV,.. At a fixed ion dosep, we can determine a
the spatial envelope of all the atoms displaced by both theuyrface of the filn=1/¢ containing only one collision cas-
primary and secondary ions. In our experiment we can ascade. Since we are interested in the fraction of quenched nc,
sume that the energy of the incident ion is practically conwe can concentrate our analysis on the volume under this
stant with depth, the film thickness being sm@H0.1 um)  areaS which is representative of the overall film. The prob-

with respect to the projected range. This also means thaibility of a nc being in the volume of the collision cascade is
within the film, each cascade can be approximated by a cylsimply given by
inder, whose height is the film thickness and whose &ga
can be defined as the area of a section perpendicular to the A,
ion trajectory within which it is more probable to find a Pc=35 = dAc, (4)
displaced atom. In order to determine the important param-
eters for the different collision cascades, we performechg matter at which depth it is located. Now we switch to the
TRIM'90 Monte Carlo simulatiori€"** for the different ions  calculation ofP-,, i.e., the probability that at least one de-
at the irradiation energy. We thus obtained the total numbefect exists inside a nc. First of all, it is necessary to calculate
of displaced atoms per incident ion within each cascade, fofhe probability of having exactlyn defects inside a nc. The
each ion mass, and the aréa of each collision cascade. total number of defect™ inside the cascade is given iy
Once these parameters are known, it is easy to calculate thep v/ wheren, is the concentration of displaced atoms
mean defect concentration, inside each collision cascade, gndyv,.=A_t is the volume of the cascade. The probability of
defined as the ratio between the total number of displacegenerating a defect exactly in the nc is given by
atomsD,, inside the cascade and the voluivg of the cas-
cade, Vi
D. d P V! ©®

V. Al A © . | N

c c c whereV, is the nc volume. Whilst the probability of a de-
wheret is the film thickness and=D_/t is defined as the fect being located outside the nc is
number of displaced atoms per incident ion per unit trajec-
tory length within each collision cascade. Thus the defect Ve
concentration in each collision cascade is just the number of q=1-p=1- V. ©
displaced atoms per incident ion per unit length, divided by ¢

the mean cascade area. _ Thus, taking all the possible configurations into account,
Now we want to focus our attention on the defect forma-yhe propability of having exactlyn defects in the nc and the

tion within the Si nc dispersed in the Si@natrix. We will remainingM-m outside its volume is given by the binomial
assume that one single defect inside the volume of a nc igistripution

enough to quench its luminescence. This is plausible since,

for instance, it has been demonstrated for porous Si that even M1
a single Si dangling bond at the surface of a nanocrystallite |:>m=|—'| pmgM-m,
acts as a very efficient nonradiative center, causing the com- m! (M —m)!

plete quenching of the nc luminescerfc@he fraction of It is worth noticing that the mean number of defects con-
guenched nc is, therefore, equal to the fraction of damagefsained in a nc is equal to

nc, which is equal to the probability that a nc is damaged. In
other words, we need to calculate the probability of finding Vv
at least one defect inside a nc, for a fixed ion degsdt is m=pM=—=n.V,=nV,, (8)
possible to distinguish between two different regimes for the Ve

)
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which is the defect density times the nc volume, as one ¢ d ¢
would expect. Sinc&/,,.<V,, it results thatp<q and also Nd=nc¢7: ™ g:d¢h (16)
m<M. Thus Eq.(7) can be approximated by the Poisson’s c Tere
normal distribution where we used the definitiogi.=1/A.. Thus we regain the
same result found in Eq13) for a completely different dose
_ m regime.
Pm=mr€ ©) Therefore, the probability that a nc has at least a defect
inside its volume can be easily obtained by substitutigg
In order to calculate the probability of having at least onewith Ny in Eq. (11), thus resulting in
defect inside the nc, we need to sum E®). over m in the
range between 1 anil. Being m<M, we make a small Pg=1—e NdVnc 17

error in summing between 1 and Thus we have which tells us that the damage mechanism depends again

o o only on the defect concentratid¥y, i.e., through Eq(16),
P, = P — P —P,=1-P,, 10 on the numbed of displaced atoms per incident ion per unit
=1 ; mem 20: mem t0 0 (19 length, which is fixed by the matrix and the ion mass and
o o energy, on the ion dose and on the nc volume. In particular,
where we have used the normalization conditiBg.is the  {he smaller the nc volume, the higher has to be the ion dose
probability that the nc has no defects at all, being therefore, order to obtain the same fraction of damaged nc. More-

still “alive,” and is given by Po=e™ ™. Eventually, over, for a fixed nc volume and ion dose, the fraction of
_ damaged nc depends only ahi.e., on the ion mass and
Poi=1-e M=1-e " (1) energy.

- . ) We previously assumed that a nc becomes “dark” when it
~ Then the total probability that a nc is damaged by the iongontains at least one defect. Now it is easy to compare the
irradiation and for a dose much smaller than the critical Onemode| with the experimenta' data. By using Ea) and the

i.e., p<o, is luminescence and lifetime data reported in Fig. 3, it is pos-
v sible to obtain experimentally the quenched fractigrof Si
Py=PcP=1=pA(1—e "clnc). (120 ng, ie., of nc that are unable to emit light after ion irradia-

. . i tion, versus the defect concentration related to the dose
_ Itis worth noticing that the mean defect concentral@n  hrough Eq.(16), which is valid for all doses. In fact, we
inside the film can be expressed as the ratio between the tot

number of displaced atoms in a cascade and the volume of

the region of interest containing that cascade, having surface N
areaS and thickness, fq=1— N (18
Ref
N —&—d (19 whereN/Ng¢s is the “surviving” fraction of Si nc,N is the
st ¢, number of still emitting centers after a certain dasend

) o Nget is the total number of emitting Si nc in the reference
where we used again the definitioBs=1/¢ andd=D./t.  sample, i.e., not yet irradiated. According to Eg), N is
By using Eq.(13) together with Eq.(3), it is possible to  proportional to the intensity and inversely proportional to

rewrite EqQ.(12) in the form the luminescence lifetime. Thus, we easily obtain for the
N surviving fraction of Si nc,
4 amngV
Py N (1—e Mc¥ne), (14 N - |_ Trer 19

. . Nger IRet 7
Developing the exponential in termsfV <1, Eq.(14)

Fig. 6 the experimental fraction of quenched Si nc, as deter-
Py=NgVc, (15  mined through an analysis of the data shown in Fig. 3 by

using formulas(18) and (19), is presented with different

which shows that foip< ¢ and for cascades of low density symbols for each ion and versus the defect concentration
the probability of damaging a nc varies linearly with the calculated through Eq16). In the same figure, the simulated
mean defect concentratidyy in the film, being independent curve of the damaged fraction of Si nc given by E¢kd)
of any parameter related to the particular ion used. and(17) is reported as a continuous liieght-hand scalg

If ¢> ¢, the cascades are totally overlapping, thus all ofby using a value of 1.7 nm for the mean Si nc radius, in good
the film surface is covered by the ion beam. Hence the probagreement, within the experimental errors, with the value
ability P, of finding a nc in a cascade is just 1. In this regime determined by dark field TEM plan views. It is worth notic-
the probabilityP is determined only by the defect concen- ing that Eqs.(14) and (17) perfectly match aNg=n.. The
tration Ny, which now increases linearly with ion dose and impressive agreement between the experimental data and the
can be approximated by simulated curve, in view of the fact that no adjustable param-
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FIG. 7. Lifetime measured at 800 nm for a Sim with 39

FIG. 6. Quenched fractiofi; of Si nanocrysals vs defect con- at. % Si annealed at 1250 °Crfd h after irradiation with 2 MeV
centrationNy left over by the ion beam for a Si/SjGsuperlattice  He*, Si*, Ge", Au® ions (M, ®, A, ¥) and for the same sample
(with a Si layer thickness 0f-0.9 nm annealed at 1100 °C for 1 h jrradiated with 2 MeV Si at a dose of & 10'%cn? after isochro-
and after 2-MeV Si implants( 4 ) and for a SiQ film with 39 at. %  nal annealing processes at different temperatures in the range be-
Si annealed at 1250 °C ffd. h after 2-MeV Hé, Si*, Ge", Au™ tween 100 and 800 °CA).
implants(ll, @, A, ¥). The continuous line is the probability of a
nc having at least one defect in its volume, as obtained from Eq

(14) and (17) with the parameters fixed by the experiment. Sbecoming damaged and, therefore, “dark.” But this does not

prevent a damaged nc to interact with a good one. And, in

eters have been involved in the simulation, validates the hyf-aCt’ for a small fraction of damaged nc, i.e., small defect

pothesis that in order to quench the nc luminescence, it igoncentrdatlorNd.{hthehmithrlty of n(i are tSUgOLt'Eded by non-
sufficient to have just one defect inside its volume. It is amaged nc with which It can interact. 5o (n€ energy can

worth noticing that in the case of Si implants, i.e., fixing the Wander all around the sample until a damaged nc, acting as a

displacements per atgnboth the nc found in the annealed nNonradiative center, is met, thus causing the energy to be
SiQ, sample and in the superlattice show the same eXpergeflnltlvely lost. Increasing the fraction of quenched nc

mental trend for the quenched fraction, even if their structurdn€@ns to increase the total amount of quenching centers in
is very different. the sample. In fact, this determines the slight decrease of the

We can gain a greater insight in the lifetime behavior oflifétime vs fq (quenched fraction which is experimentally

the irradiated Si nc formed in the annealed Si@m by observed for values up to 0.5. Whégis equal to 0.5, this

plotting the luminescence lifetime at 800 nm versus thegN€ans that 50% of the total number of emitting centers is
quenched fraction of Si nc, as reported in Fig. 7. It is inter-d2maged, so that every emitting nc is surrounded by a dam-

esting to observe that the lifetime has the same trend for af9ed one. The vicinity between the emitting and the damaged
the ions used. This means ttfgtis the right physical param- centers causes the lifetime quenching to become much stron-

eter to look at in trying to explain the quenching mechanism?er',A”d’ as a mat.ter of fact, fdg=>0.5 ‘I"I‘ quick drop in the
occurring with increasing the ion dose. In particular fgr ~'UMinescence lifetime is experimentally observed, as pre-

<0.5, the lifetime decreases only by a factor-¢.8, while sented in Fig. 7. The behavior effor f, values in the range
in the range 0.5f,<0.9 it decreases very strongly, being between 0.9 and 1 is not experimentally accessible, since the
reduced by a .fac?or c;f~0.2. In order to understar;d this luminescence signal of the irradiated samples is too feeble

experimental trend, at least qualitatively, we have first of allfo" lifetime measurements to be performed, but it would be

to stress the fact that the Si nc are interacting among eadffaSonable to expect a saturation behavioff fapproaching

other. This interaction is reflected in the stretched exponenil€ value of 1. In fact, in this regime the few Si nc that are
tial behavior shown by the luminescence decay time, whictptll @ble to emit are very far apart from one another, being
is characterized by a dispersion facter=0.75 for all the ~CcOMPletely surrounded by damaged nc. Thus adding one
used ions. This factor gives an idea of the interconnectiof °'€ damaged Sinc to the_sgmple would not affect the life-
between nc, and tends to 1 when the nc are almost isolatedM® Properties of those emitting nc.

With increasing the ion dose and for all the ions usgd,
remains constant, demonstrating that the irradiation does not
affect at all the energy transfer among neighboring nc. What
the irradiation does is certainly to reduce the number of emit- In order to investigate in greater detail the nature of the
ting Si nc, as previously demonstrated. In fact, with increasirradiation damage on Si nc, we annealed at different tem-
ing defect concentration inside the film, more and more ngeratures and for different times the Si nc, formed in the
begin to contain at least one defect inside their volume, thuSiO, film annealed at 1250 °C fdl h and irradiated with 2

C. Defect annealing in Si nanocrystals
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FIG. 8. PL spectra of a Si0film with 39 at. % Si excess an- & ¢
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2-MeV Si" irradiation at a dose of 810" cn? (continuous ling 04 €7
and of the irradiated sample after annealing processed fo at 02f ¢ E
different temperatures, in the range between 100 and 800 °C. Spec- 0.0 i , , , ©
tra were measured at room temperature and at a laser pump power Y 4000 8000 12000 16000
of 10 mWw. Annealing Time (s)

MeV Sit at a dose of 5% 1012 cn?. At this dose. while a FIG. 9. Normalized PL intensitie®), lifetimes(b), and number
huge number of Si nc are still present in TEM dark field of Si nc(c) emitting at 800 nm for a SiQfilm annealed at 1250 °C

. L ..~ “for 1 h, irradiated with 2-MeV Si at a dose of % 10"%cn? and
views, only 30% of the initial number of nc are survivin ! - ; .
y Y 9 annealed at 400, 700, and 800 °C, for different times. The saturation

gr?;nu ahlgomIBZiiinggcyp%IP tthzfir:/ilt(ia;\ll.nU;l?t:Zfrocr)?,S’:hr:i \?vﬁﬁidﬁbehavior for each annealing temperature suggests the presence of
gntoq oY many activation energies in the recovery process of damaged Si nc.
amorphizing them. In Fig. 8 the PL spectra of the as-

implanted, of the reference, and of the samples annealed at

different temperatures for 4 h, are shown. With increasing It is interesting to investigate the kinetics of both the in-
annealing temperature, the luminescence intensity is seen tensity and the lifetime recovery, and eventually of the frac-
increase, until it reaches the reference value at a temperatutien of recovered Si nc. Thus we performed isothermal an-
of 800 °C. No changes in the shape of the spectra have beemaling processes for times betwe® s and 4 h, and for
observed within the temperature range used. The photolumiemperatures up to 1150°C. As an example, in Fig. 9 the
nescence time decay curves recorded at 800(nat re-  results obtained for three different temperatuf480, 700,
ported show a complete recovery of the lifetime after an-and 800 °Q are reported. Both the intensity and the lifetime
nealing the sample at 800 °C too. This means that after ageasured at 800 nm tend to quickly saturate for annealing
annealing at 800 °C for 4 h, also the number of emitting NGjmes greater than-10 s. The same trend is followed by the
recovers its original value, attesting the fact that this thermaj, 5ction of emitting nc, obtained through EA.9). It is worth
treatment is able to recover the damage in all the quenCh%ticing that for the two temperatures of 400 and 700 °C the

Sinc. saturation values are different, in particular the higher the

Al this stage a comment needs to be made. In Fig. 7 W‘:t‘emperature, the higher is the saturation value, but, more

showed that the lifetime of irradiated nc depends on thEﬁ‘ fra.ci'mportant, despite the long annealing times it is impossible

terms of energy migration among Si nc. If this is the case,rgo regain the initial value of emitting Si nc. This trend is

similar behavior should be obtained also after annealing. In'gyp|cal of processes in which a continuous range of activa-

deed, in Fig. 7 the open symbols refer to the lifetime meadlion energies can take place. At each of the used annealing

sured in annealed sampléat different temperaturgsersus temperatures, a different set of annihilation processes is
the fraction of quenched Si riwhich decreases with increas- probed. Indeed for low temperatures, only those defects char-

ing the annealing temperatyreéThe similar trend followed —acterized by a low activation energy can annihilate at a mea-
by the lifetime in both the irradiation and annealing experi-Surable rate and when they are all removed a saturation is
ments definitely demonstrates that the physical parametégached. At higher temperatures the processes with low acti-
that rules the quenching of the lifetime is just the fraction ofvation energies have been completed, and only defects with
quenched ncf,, no matter how this value is obtained, progressively higher activation energies annihilate. Thus, the
whether through ion irradiation or by annealing of a dam-fact that at 800 °C after 4 h it is possible to obtain a total

aged sample. recovery of both the PL intensity and the lifetime, i.e., of the
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FIG. 10. Fraction of emitting Si nc in a Sjdilm annealed at I .
1250°C for 1 h, irradiated with 2 MeV Si at a dose of 5 FIG. 11. Activation energy spectrum obtained for a Siim

. e . R
X 10*%cn? as a function of the annealing temperature. All the an-WIth 39 at. % Si content annealed at 1250 °€ Ioh and irradiated

. . . \?/ith 2 MeV Si* at a dose of X 10'%cn?. p(E,) is the derivative
nealing processes were performed for 4 h, for which a saturation ol N/N shown in Fia. 12. with respect to the activation ener
both the intensity and the lifetime, i.e., Bf Ng;, was observed. It Ref> 9. 24, P oy

. - A E, related to the annealing temperatdréhrough Eq.(20), and is
is worth nqtl_cmg that at 800°C the cqmplete recovery Of. the num'proportional to the number of recovery events occurring per unit
ber of emitting Si nc occurs, thus fixing an upper limit for the

L . S . .~_energy interval. The damaged Si nc are, therefore, characterized by
activation energies characterizing the defects in the damaged Si n¢. _~ : o L
d'variety of defects with activation energies in the range between

. - . . 1.5 and 3.0 eV.
fraction of emitting Si nc, means that an upper limit for the

activation energies of the damaged sample exists.
It is possible to obtain the saturation value for the fraction
of emitting nc vs the annealing temperature, by deducing ihealing time(see Fig. 9 and v is an attempt frequency.
from the data in Fig. 8 and from the lifetime measurementssince we are involved in the annealing of defects in a crys-
through Eq.(19). The result of such an exercise is shown intalline matrix, we can assume thatis the vibration fre-
Fig. 10. We want to stress the fact that the annealing time ofjuency of an atom at that particular temperature, which is
4 his much higher than the saturation time-ef0 s, so that  equal to~kT/h, whereh is the Planck’s constant. We can
for each annealing temperature we are in an equilibrium refook at the distribution of recovery events by plotting the
gime. This means that in Fig. 10 we are looking at the totalerivative of the emitting fraction of Si nc vs the activation
fraction of Si nc that can be recovered for each particulainergy given by Eq(20), as reported in Fig. 11. This deriva-
annealing temperature. At room temperature the survivingive, denoted ag(E,), represents the density of defect re-
fraction of nc after the ion irradiation with a dose of 5 covery events occurring per unit energy range. Hence
X 10'/cn? is about 30% of the total number of emitting nc ,(E,)AE gives the fraction of defects having activation en-
in the reference sample. Up to 200°C, the population Okrgies in the range betweds, and E,+AE. The trend of
damaged nc seems to be unaffected by the annealing. Wit g.)) vs E, reported in Fig. 11 is very interesting, as it
increasing the temperature, the fraction of emitting nc startgemonstrates the presence of a population of defects in Si nc
to increase linearly, meaning that a certain number of defectgharacterized by a continuous spectrum of activation ener-
are beginning to be annealed out. This linear regime ends @fies, ranging between1 and~3 eV. In particular, forE,
800 °C, for which the damaged fraction of nc has totally beenc 1 5 ev, i.e., for temperatures lower thar800 °C, practi-
recovered. cally no recovery events occur, while in the energy range
More information can be obtained by a detailed analysigyetween 1.5 and 3.0 eV, corresponding to the temperature
of the data shown in Fig. 10. In fact, from the data shown inrange between 300 and 800 °C, a variety of defects that are
Fig. 10, we can now obtain the activation energy spectrum ofnnealed out at a constant rate exists in the low dose dam-
the defects present in Si nc. By fixing the annealing temperagged nc.
ture we are selecting all those recovery events that involve A question now arises on the nature of the defects that we
the annealing of those defects with activation energies loweg e producing and annihilating. At a Si dose of 5
than a critical valud=, , related to that particular temperature w 10'%/cm? the collision cascades are overlapping, beifg
by the well-known relatiof?* > ¢ . Thus, through Eq(8) in which we use for the defect
E.=KkTIn(vt) (20 concent.ration the value given by Ed.3) instegd _ofnc, we
a ' can estimate the mean number of defects inside a nc to be
wherek is the Boltzmann’s constant, is the annealing tem- ~1.2. In fact, for this value the surviving fraction of Si nc
perature in kelvint~10 s is the saturation value of the an- calculated by puttingn=0 in Eq.(9) is just 30%. Moreover,
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FIG. 13. The characteristic recrystallization timg needed to
completely recover the initial number of emitting Si nc, as extracted
from the data in Fig. 1), is reported vs the reciprocal of the
annealing temperature. An activation energy of 3.4 eV can be esti-
mated for the recrystallization of amorphized Si nc.

phize the Si nc present in the matrix. In order to study the
recovery behavior of this system we performed thermal treat-
ments of the as implanted sample at temperatures up to
FIG. 12. Normalized PL intensitie), lifetimes (b), and num- 1150 °C and for annealing times in the range betw&s and
ber of Si nc(c) emitting at 800 nm for a SiOfilm annealed at 20 h. It has been observed that for temperatures up to 700 °C
1250°C for 1 h, irradiated with 2 MeV $iat a dose of 2 practically no recovery of the PL intensity is observed. In
x 10 cn? and annealed at different temperatures in the range beaddition, no recrystallization occurred as seen by TEM. On
tween 800 and 1100 °C and for different times. Dashed lines aréghe contrary, for temperatures higher than 700 °C something
guides to the eye, while continuous lines are fit to the data througldifferent occurs. As an example, in Fig. 12 the PL intensity,
Eq. (21). The PL properties as well as the crystallinity of the amor-the lifetime and the number of nc emitting at 800 nm as
phized Si nc can be recovered at each of the annealing temperaturebtained through Eq(19), are reported, normalized to the
used, after an average annealing timethat strongly depends on respective values of the reference sample, versus the anneal-
the particular temperature. ing time and for different annealing temperatures. As can
clearly be seen, for each temperature, the PL intensity as well
by using Eq.(9) we can calculate the probability of a nc as the luminescence lifetime, measured at 800 nm, increase
having exactlym defects, or, which is the same, the fraction with increasing the annealing time, until they completely re-
of nc containing in their volume exactiy defects, left over cover the reference values after a certain time that strongly
by the ion beam. In particular, the probability of having 1, 2,depends on the particular annealing temperature. This behav-
3 or 4 defects in a nc is respectively equal to 0.36, 0.22, 0.0%r is also followed by the fraction of Si nc that are able to
or 0.03, the probability of having more than five defectsemit light again after the thermal treatments. Actually this
being infinitesimal. Therefore, 36% of the damaged nc confraction is equal to the fraction of recrystallized Si grains. In
tain only one defect, while the remaining 34% have morefact, after annealing at these temperatures, nc do appear
than one defect inside. It is tempting to assume that the reagain as observed by dark field TEM. Thus, by studying the
covery events occurring with activation energies between recovery of the luminescence properties of the amorphized
and 3 eV are related to the annihilation of defect structureSi nc, we are indeed monitoring the transition between the
whose variety and complexity increase with the number oamorphous and the crystalline phases of the Si grains present
defects actually present in each Si nc. in the irradiated sample. The continuous lines in Figcl2
are fit to the data by using the expression

Annealing Time (s)

D. Recrystallization of amorphized Si nanocrystals N

— —t/7g
A totally different scenario is met by dealing with a Si nc =1-e ' (21)

sample irradiated with 2 MeV Siions at a dose of 2

x 10'%¥cn?. In fact at this particular dose the PL intensity is where 7, is the characteristic crystallization time, strongly
completely quenched, as can be seen in Fig. 1. This meatemperature dependent. As a matter of fact, by reporting in
that all the nc have been quenched. At the same time, ian Arrhenius plot(Fig. 13 this characteristic timéthat is
TEM dark field views (not shown, no more Si nc are needed to attain the recovery of the Si graims the recip-
present. Therefore, this low dose is enough to totally amorrocal of the annealing temperature, we find that the recovery

N Ref
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process is thermally activated with a single activation energyf the activation energy for the nucleation is due to the ki-
of ~3.4 eV. Actually this is the activation energy for the netic term. In fact,Eyj,eic— 3.4 €V for amorphous SiRef.
recrystallization process of an amorphized Si nc. 35) actually equals the value we obtained for the activation
A few comments need to be made at this stage. First oénergy associated to the recrystallization of amorphized nc.
all, from the picture drawn up to now, it emerges that the Thus we would expect the crystallization of the amor-
complete amorphization of a Si nc can occur at doses as lowhized nc to occur through nucleation followed by a rapid
as 2x10%¥cn?, at which it is estimated that only a few growth of the crystal grain. In fact, at 800 °C a few seconds
defects are left by the ion beam inside each nc. Since theswe enough to totally grow a 1.5-nm Si nc using the literature
doses are far away from the amorphization threshold of Sgrowth velocities for small crystal grairis.
single crystaf?33this demonstrates that amorphization of Si  But, since the activation energy for nucleation is lower in
nc is by far easier than amorphization of bulk Si. This is notamorphized nc than that in the bulk, why does the recrystal-
surprising. In fact, it is well known that the surface of a lization of all the nc require such long times and high an-
single-crystal Si wafefi.e., its interface with the native ox- nealing temperatures? Actually, in order to attain the total
ide) represents a preferential nucleation site forcrystallization of an amorphous bulk Si, only a few crystal
amorphizatiof® that starts there under ion bombardmentnuclei need to be formed. In fact, subsequent growth of the
well before than in the bulk. In the present case, each nc hagystalline phase is so fast that the total crystallization occurs
a large surface area acting as a strong nucleation site for thie characteristic times that are much smaller than those re-
amorphous phase. quired for the formation of new crystal nuclei. Therefore, the
Moreover, our data demonstrate that, while amorphizatioriinal structure consists of a few large grains. On the other
is easier in Si nc, crystallization is much more difficult with hand, in order to observe the total recovery of the PL prop-
respect to a bulk amorphous Si. In fact, temperatures highegrties of the amorphized nc, all of them have to recrystallize.
than 800 °C and long annealing times are needed to recry8ut the crystal growth is now spatially limited in the single
tallize the amorphized nc, the amorphous-to-crystallinegrain volume, ending at the interface between the nc and the
phase transition being characterized by an activation energyxide matrix. Thus, in order to observe the complete recrys-
of ~3.4 eV. This behavior is in agreement with recent datatallization, we have to wait enough time for the nucleation to
by Zachariaset al.?’ showing that the crystallization tem- occur in “all” of the amorphous grains. As an example, in
perature of very thin amorphous Si layers increases with deRef. 35 it is reported that at800 °C the time needed for the
creasing layer thickness. total crystallization of the amorphous film is20 s. Since
Indeed, we can think at the recrystallization of an amor-the measured nucleation rate~s.0'¥cm?® s, this means that
phized Si nc as a transformation process occurring througbnly 2x 10" cm? nucleation sites are formed, randomly dis-
nucleation and subsequent growth of the crystalline phasgibuted in the amorphous film. In our sample, the concentra-
inside each nc, with the nucleation being the limiting steption of nc is~10'%cm?, while the characteristic crystalliza-
Usually the homogeneous nucleation of the crystalline phastion time at that temperature is5x10* s, bringing to a
in an amorphous Si film is characterized by an activationrmean nucleation rate of more thar2 X 101/cnms, i.e., one
energy of~5.3 eV, as reported in Ref. 35. In our case, due toorder of magnitude higher than for bulk amorphous Si. This
the large surface/volume ratio of each nc, the nucleation iincreased value is a clear dimensionality effect present in our
probably heterogeneous, the surface being a preferentighmple, arising from the high surface/volume ratio that char-
nucleation site. The activation energy of the nucleation proacterizes the amorphized Si nc and favors the heterogeneous
cess can be expressed’as nucleation at the amorphized nc/Sitterface. Despite the
increased nucleation rate, the characteristic recrystallization
times are much longer than for bulk amorphous Si, since we
need to form a greater number of crystalline nuéles., at
least equal to the total number of amorphized aied more-
where AG* is the free energy difference at the critical Over in a well-defined regiofi.e., in the Si nc volume
nucleus ancE;.eiic the kinetic contribution, due to the for-
mation and migration of the defects responsible for the phase
transformation. In thermal nucleatiohG* is ~2 eV its
value being determined by a balance between a free-energy In the present work, the damaging effects of ion beam
reduction term due to the free-energy difference among th@radiation and subsequent annealing on Si nc have been re-
crystalline and the amorphous phases times the transformexbrted. In particular, we used the luminescence properties of
volume, and a free-energy increase term due to the surfathe irradiated and annealed nc as a probe of the damaging
tension times the “new” surface formed as a result of themechanisms occurring in Si nc. We demonstrated that by
phase transformation. Since the nucleation occurs very likeljncreasing the ion dose, the luminescence and the lifetime
at the surface of the amorphous zone, the “new” surfacerecorded at 800 nm begin to decrease after a critical dose
formed is much smaller and this results in a reduction in thedepending on ion mass, the luminescence quenching being
surface-free-energy term and, in turn, in a dramatic reductiomuch stronger than the lifetime one. Thus, we have experi-
in AG*. For instance, a surface reduction by a factor of 2mentally demonstrated that the number of emitting centers
produces a decrease AfG* by a factor of 8. We can then has to diminish too. This means that even at doses much
state thatA G* is probably small in the present case and mostower than the one needed to amorphize beiii, a Si nc

Ea,nucI: AG* + Eyjnetic (22

IV. CONCLUSIONS
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can be damaged in such a way as to become “dark” from alirectly associated with the nucleation process starting at the
luminescence point of view, not necessarily being amorgrain surface. Anyway, although it has been shown that
phous. Anyway, by increasing the ion dose, a Si nc can evenucleation rates one order of magnitude higher can be ob-
be amorphized at doses well below those needed to amofained due to surface effects, temperatures higher than
phize bulk crystalline silicon. By assuming that a Si nc re-800 °C and longer annealing times are required with respect
mains damaged when it contains at least one defect, we dgy bulk amorphous Si, in order for the recrystallization pro-
veloped a model in which the quenched fraction of NCcess to become measurable. In fact, while for amorphous Si
depends exponentially on the nc volume and on the totahnly a few nuclei need to be formed, in order to observe the
defect concentration left over by the ion beam. The agreerecrystallization of all the amorphized Si nc it is necessary to
ment with the quenched fraction of nc, extracted by the luform a much larger number of nuclei, i.e., equal to the num-
minescence and lifetime measurements, demonstrates thatyér of amorphous grains, and moreover, in a well-defined
is sufficient to have just one defect inside the nc in order tqegjon, i.e., the grain volume. Thus the characteristic crystal-
quench its luminescence. Moreover, by performing isochrotization times become much longer than for amorphous Si.
nal and isothermal annealings of Si-irradiated Samples, W&hese data demonstrate that the amorphization of low-
were able to study in detail the recovery mechanisms in difgimensional Si structures is much easier while crystallization
ferent dose regimes. We have demonstrated that at a Si dogemuch more difficult with respect to bulk silicon.

of 5xX10%cn?, corresponding to~1 defect per nc on an

average, defects are characterized by a large variety of acti-

vation energies in the range betweerl and ~3 eV. In ACKNOWLEDGMENTS
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