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Formation, evolution, and annihilation of interstitial clusters in ion-implanted Si
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~Received 20 October 2000; published 20 April 2001!

We review the results of several experiments aimed to elucidate the thermal evolution of the self-interstitial
excess introduced by Si-ion implantation in crystalline Si. Deep-level transient spectroscopy and photolumi-
nescence measurements were used to monitor how those interstitials are stored into stable point-like defect
structures just after implantation, evolve into defect clusters upon annealing at intermediate temperatures, and
are annealed out, releasing the stored self-interstitials upon annealing at larger temperatures. It is shown that
although dopant atoms and impurities~C and O! are not the main constituents of these clusters, the impurity
content has a large effect on the early stage of cluster formation, at low fluence and low temperatures, and can
affect their dissociation kinetics. A stable residual damage, electrically characterized by two signatures atEv

10.33 eV andEv10.52 eV and exhibiting two broad signatures in the photoluminescence spectrum, is present
for doses>1012/cm2 and annealing>600 °C. This residual damage, formed by interstitial clusters, is stable to
temperatures as high as 750 °C and anneals out with an activation energy of;2.3 eV. It is suggested that these
clusters store the interstitials that drive transient enhanced diffusion at low implantation doses and/or low
temperatures, when no extended defects are formed. Finally, when$311% extended defects form the lumines-
cence spectrum is dominated by a sharp signal at 1376 nm, which we correlate with optical transitions
occurring at or close to these defects. Dose and temperature thresholds for the transition from small clusters to
extended defects have been observed and will be discussed.

DOI: 10.1103/PhysRevB.63.195206 PACS number~s!: 61.72.Cc, 61.72.Ji, 61.72.Tt, 78.55.Ap
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I. INTRODUCTION

The supersaturation of Si self-interstitials produced by
implantation in crystalline Si is responsible of several io
beam damage related processes such as the formation o
tended defects1 and the transient enhanced diffusion2 ~TED!
of dopant atoms. Ion implantation produces interstiti
vacancy (I -V) pairs that are stored into room-temperatu
stable defect complexes. Moreover, the presence of the e
implanted ion results in an imbalance in the two defect c
centrations. Upon annealing, room-temperature stable de
complexes dissociate and the defects~I andV) released un-
dergo extensive recombination in the bulk until only the
terstitial excess~due to the extra implanted ions! is left. This
process lies at the heart of the so-called ‘‘11 model,’’3

where it is also assumed that the surface does not pla
relevant role during annealing in the first stage. Apart fro
being quite a crude approximation, the model does not p
vide any hint on how this interstitial excess is stored in
material. Indeed, due to the high diffusivity and low equili
rium concentration, it is expected that the extra-interstiti
will coalesce into more complex defect structures rather t
being diluted in the bulk. This behavior has been fully e
plored for implants at elevated doses. In this case the hiI
supersaturation produced from the impla
(40 keV Si, 531013cm22) results, after annealing, in th
formation of extended defects such as$311% or dislocation
loops that storeI and release them when proper thermal bu
get is provided.4 The extended defect dissolution maintai
an I supersaturation in the material that drives dopant TED
a time scale fixed by their annealing.5 In particular, the in-
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terstitials stored in$311% defects are released with an activ
tion energy of;3.8 eV, in good agreement with the dopa
TED activation energy.4

However, recent studies have shown much evidence
TED in samples implanted at low fluence in the early sta
of annealing, where extended defects are not formed.6,7 In
particular, ultrafast TED occurs at relatively low temperatu
~700 °C! and for times from 15 s up to 40 min after low-dos
implants (131011– 231013Si/cm2).7 The measured activa
tion energy of the process is smaller than that measured
ing extended defects dissociation, being of the order of 2
2.7 eV. It has been proposed that small interstitial cluste
not detectable with transmission electron microscop8

~TEM!, store the excess interstitials: their dissolution p
duces theI supersaturation that drives TED.9 The difficulty
to obtain information on the source of the TED in this regim
is due to the small dimensions of the agglomerates that s
the I supersaturation. While extended defects can be w
monitored and characterized by TEM analyses, the struc
and the evolution of the nanometer-sizeI-clusters is unde-
tectable with this technique. Recently, Cowern a
co-workers9 have been able to extract information on t
I-cluster dissociation by monitoring its effect on TED. Fro
the measuredB TED they extracted the associatedI super-
saturation. Using inverse modeling of the supersaturat
they found that the growth of small interstitial clusters can
described in terms of a rate-limited transition between t
groups of cluster sizes~with a boundary at dimensions o
;10 interstitials!. In the fitting procedure they assume th
the I-clusters grow through an Ostwald ripening proces10

~OR! and explain the rate-limited transition in terms of th
©2001 The American Physical Society06-1
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large variation in the binding energy of last added inter
tials in small clusters. However, no direct information on t
cluster status and evolution was achieved.

In spite of several investigations of defect evolution,
intriguing question remains unanswered. It is not known
the structural unit of the defect remains unchanged du
the growth from smallI-clusters to$311% defects, or if sig-
nificant modification in the spatial distribution and bindin
energy of theI to the defect structure occurs. This last sc
nario is supported by the results of quantum-mechanical
culations. Tight-binding calculations ofI agglomeration11 re-
vealed that structures of anI-cluster alternative to the$311%
defect structure may exist when few interstitials agglomer
The formation energy perI is lower than that necessary fo
the formation of the~110! chain, which is the building block
of the $311% defect, when the number of interstitials is low
than 10. This suggests that smallI-clusters may not be the
direct precursors of the$311% defects and that a structura
transformation should occur at some stage of the growth
cess to allow the extended defect formation.

The aim of this review is to assess the formation of sta
damage, able to survive annealing at temperatures ab
600 °C where dopant diffusion and formation of second
defects occur. It is particularly important to establish t
structure and electrical behavior of this damage, its ability
store and release point defects that can then interact am
themselves or with dopant atoms. Moreover, an exten
study of theI-clusters in a region where extended defects
not formed could provide a link between the point-like d
fects generated by the ion beam and the extended defec
proposed by Tan.12

In the last few years we performed a set of experiment
order to provide information on the structure and evolut
of I-clusters. We observed experimentally, by using de
level transient spectroscopy~DLTS! measurements,13 that
I -V recombination during both implantation and anneal
occurs preferentially in the bulk, leaving an excess ofI-type
defects due to the presence of the extra implanted ion.14,15

These results provide a confirmation of the11 model in the
low-dose regime. Moreover, we have recently establis
that I-clusters introduce deep levels in the band gap that
be monitored by DLTS.16,17 In this work, we review our
latest results and present new data using both DLTS
photoluminescence~PL!,18 on the formation and dissolutio
kinetics of I-clusters and the transition to$311% defects. To
this purpose we studied the structure of defect clusters:
ion fluence and annealing temperature regime in which t
form are stable and anneal out. Furthermore, the impu
role ~C and O! on defect formation and dissociation wa
assessed and the dissociation energy value for small clu
determined. The results are linked to TED activation ene
for low-dose implants (<131013cm22) with no extended
defect formation. Finally, PL measurements were ext
sively used to monitor the transition fromI-clusters to ex-
tended defects.

II. EXPERIMENT

Epitaxial ~epi with O and C content @O#;@C#
<1015cm23 and a resistivity of;2 V cm! and Czochralski
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~CZ, @O#5731017cm23 and@C#<1016cm23 with a resistiv-
ity of 1–4 V cm, or with @O#5131018cm23, @C#
;1016cm23 and a resistivity of;0.4V cm! Si samples were
used. The samples were implanted with either 1.2-MeV
145-keV Si ions to fluences in the range 13109– 5
31013cm22. Annealing was performed under a He flux
temperatures in the range 400–750 °C for times ranging fr
10 min to 15 h. After annealing, Schottky barriers onp-type
Si samples were formed by using room-temperature Ti de
sition. Deep-level transient spectroscopy measurements w
performed using a Bio-Rad DL8000 apparatus. Depth c
centration profiles were obtained by changing the reve
bias from 20 to 3 V and maintaining the difference betwee
reverse and filling biases constant and equal to 3 V. Cap
kinetic measurements were performed on a Bio-Rad DL4
instrument by fixing the reverse bias and filling pulse to
and 1 V, respectively, and changing the filling time from
ms to 700 ns. PL measurements were performed at 1
using the 488-nm line of an argon laser at a pump powe
50 mW. Light emitted from the sample was dispersed b
monochromator and detected by a liquid-nitrogen-cooled
detector. A standard lock-in technique was used to impr
the signal-to-noise ratio.

III. RESULTS AND DISCUSSIONS

A. Evolution from point defects to clusters

The defect evolution from point-like structures in
I-clusters and eventually into extended defects was follow
for Si implants in a wide dose range, 13109– 5
31013cm22 and upon annealing at temperatures of 40
750 °C. The residual damage left after annealing was mo
tored and characterized using both electrical~DLTS! and op-
tical ~PL! measurements.

The residual damage left after low-dose implantation a
annealing at temperatures below 600 °C is mainly formed
point-like secondary defects. The DLTS spectra ofp-type
epitaxial Si samples annealed at 400 °C for 30 min are co
pared in Fig. 1 for 1.2 MeV Si implantation to doses of
3109 Si/cm2 ~dashed line!, 131011Si/cm2 ~solid line!, and
131012 Si/cm2 ~dot-dashed line!. The samples were an
nealed together in the furnace, and the reference sample~un-
implanted, not shown! that underwent the same therm
treatment does not exhibit trap levels in concentration ab
131011 traps/cm3 ~DLTS sensitivity limit for these
samples!. The spectra shown in figure clearly show the pre
ence of two different regimes in the residual damage f
tures. The residual damage in samples implanted at low d
up to 1011cm22, is roughly given by the levels identified a
H1 at Ev10.08 eV, H2 at Ev10.13 eV, H3 at Ev
10.23 eV, H4 at Ev10.25 eV, H5 at Ev10.39 eV, andH6
at Ev10.53 eV, whereEv indicates the top of the valenc
band. For low doses (,1012cm22) the same signature
within the experimental error~below 60.01 eV! are ob-
served. An increase in the ion implantation dose in this
gime only produces a linear increase in the defect concen
tion ~as will be shown in Fig. 3!. These results suggest that
low implantation doses the collision cascades generated
6-2
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different ions do not overlap considerably: the final dama
configuration depends only on the defect density and
defect interactions within the single ion track. This wou
explain why the same class of defects is observed regard
of the dose. This hypothesis is confirmed by the evide
that the DLTS signatures at these doses (<131011cm22)
change only as a function of the annealing temperature in
range 400–600 °C.

The other regime observed in Fig. 1 occurs at interme
ate dose (131012cm22–131013cm22). The residual dam-
age exhibits characteristics totally different from those p
viously observed. The DLTS peaks in the high-temperat
part of the spectrum,H3–H6 are either not present~e.g.,H6)
or totally overwhelmed by new defect signatures. Also
DLTS signatures in the low-temperature part of the spectr
(H1 and H2) that increase for doses up to 131011 Si/cm2

decrease for higher doses. These results suggest that at
high doses a strong interaction between defects of su
quent collision cascades occurs, producing dramatic cha
in the residual damage features.

The residual damage features were also monitored by
measurements on samples, implanted to doses in the r
13109– 231013cm22 and annealed at 400 °C for 30 min
PL is sensitive to optically active centers, on which t
electron-hole recombination occurs, producing photons.
reduce as much as possible the nonradiative recombina
paths, all the measurements were carried out at 17 K.
though there are examples in the literature where DLTS
PL have been used to identify the same defect comple
should be noted that they monitor different centers and
not always possible to directly link the two techniques. T
PL spectra of CZ Si samples implanted with 1.2 MeV Si a
compared in Fig. 2. After 13109 cm22 Si implantation
~dashed line! the optically active damage is barely visibl
although the phonon-assisted Si band-to-band carrier rec
bination is clearly visible at 1121 nm~Si band edge!. Also
other features more evident for higher doses are detecte

FIG. 1. DLTS spectra measured onp-type epitaxial Si implanted
with 1.2-MeV Si to a dose of 13109 cm22 ~dashed line!, 1
31011 cm22 ~solid line!, and 131012 cm22 ~dot-dashed line!. The
samples were annealed at 400 °C for 30 min.
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this sample. After implantation to 1011Si/cm2 ~dot-dashed
line!, the Si band edge is no longer visible, confirming t
results already obtained by DLTS: The damage is presen
higher concentration. In this sample most of the radiat
recombination occurs at the damage. Identification of the
lines shows that they belong toI-type defects. TheW line18

at 1218 nm~1018 eV! is the dominant center for doses>1
31011cm22. This line has been recently associated w
small I-rich clusters.18,19 Moreover, the shoulder observed
1279 nm~0.969 eV!, is probably theG line, associated with
a complex between an interstitial and a substitutional C a
(CiCs).

18 The spectra also exhibit a peak at 1570 nm~0.789
eV! that can be associated with carbon interstitial oxyg
complexes (CiOi , the well knownC line!.18 It should be
mentioned that the PL is not quantitative; hence is not p
sible to extract information on the defect concentration fro
their PL lines. An increase in the PL signal of these lines
observed for 131012Si/cm2 implantation dose~solid line!.
PL can be really useful to monitor samples having a h
damage concentration, where the DLTS cannot be used
to the large electrical compensation produced by the dam
In fact, it is possible to monitor the residual damage afte
31013Si/cm2 implant ~double-dot-dashed line!. In this case
the W line is the dominant feature of the spectrum, but
pronounced shoulder between 1300 and 1400 nm app
probably due to the high degree of disorder in the lattice

The damage evolution was followed as a function of bo
the implantation dose and the annealing temperature u
DLTS and PL. Between the two techniques, only the DL
is able to provide quantitative information on the defect co
centration. In fact, assuming that every complex involve
single point defect, we added the defect concentration
tained from the DLTS peaks of various spectra~some of
which are plotted in Fig. 1! using the procedure reporte

FIG. 2. PL spectra of CZ Si samples implanted with 1.2-MeV
to doses of 13109 cm22 ~dashed line!, 131011 cm22 ~dot-dashed
line!, 131012 cm22 ~solid line!, and 231013 cm22 ~double dot-
dashed line!. The samples were annealed at 400 °C 30 min.
6-3
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elsewhere.14,15 The results obtained for 1.2 MeV Si implan
tation at room temperature on epitaxial Si samples are s
marized in Fig. 3. In this figure, the total defect concentrat
@Fig. 3~a!# and the number of defects per ion@Fig. 3~b!,
obtained dividing the defect concentration by the ion do#
are plotted as a function of the annealing temperature
isochronal ~30 min! annealing in samples implanted to
3109 cm22 ~j!, 2.53109 cm22 ~m!, 131010cm22 ~d!, 1
31011cm22 ~L!, and 131012cm22 ~.!. The solid and
dashed lines are used as a guide to the eye. An increase
ion dose up to 131011cm22 produces a roughly linear in
crease in the total defect concentration as previously m
tioned ~see Fig. 1!. In fact, the sum of the defect signatur
measured by DLTS,H1–H6 , for the dose range 13109– 1
31011cm22 after 400 °C annealing at 30 min, shows a line
increase. However, increasing the temperature at 600 °
dramatic reduction of the defect concentration is produc
suggesting that the implantation damage is fully recover
The lattice recovery for annealing at 600 °C in samples
planted to doses up to 1011cm22 is confirmed by the PL

FIG. 3. ~a! Total defect concentration and~b! number of defect
per ion as a function of isochronal~30-min! annealing at different
temperatures. Data were obtained by DLTS measurements
p-type epitaxial Si samples implanted with 1.2 MeV Si to doses
13109 cm22 ~j!, 2.53109 cm22 ~m!, 131010 cm22 ~d!, 1
31011 cm22 ~L!, and 131012 cm22 ~.!.
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measurements that only exhibit the band-edge recombina
line for those samples~not shown!.

The data for ion implantation to larger doses (>1
31012Si/cm2) reveal a quite different behavior. First, th
DLTS spectra of samples annealed at temperatures<500 °C
exhibit a residual damage dramatically different from th
observed in samples implanted to lower doses~see Fig. 1!.
Furthermore, the damage is still detectable in DLTS af
annealing at temperatures>600 °C, as shown in Fig. 3
These results strongly suggest that a more stable clas
defects is formed at this dose. We believe that this differe
arises from the higher interstitial supersaturation obtained
higher dose implants. This, in fact, allows the formation
more complex defects already in the early stages of ann
ing.

Another effect of the modification in the defect structu
is visible in Fig. 3~b!, where the number of defects per ion
plotted according to the counting14,15procedure. Once again
for doses up to 1011cm22 the defect concentration increas
roughly linearly@see Fig. 3~a!#; hence the number of defect
per ion remains roughly constant at;3 regardless of the
dose. For implants at 131012Si/cm2 the number of defects
per ion obtained with the same method is much lower, s
gesting that the simple counting procedure used for low
doses cannot be applied.

B. Characterization of Si interstitial clusters

The defects formed after implants at doses of
31012Si/cm2 or higher are very stable in temperature a
are still present after 750 °C, 30 min annealing. It is theref
interesting to characterize the residual damage obtaine
this dose regime in more details.

1. Electrical and optical properties

The DLTS analysis of samples implanted at dos
>1012cm22 and annealed in a wide range of temperatu

for
f

FIG. 4. DLTS spectra measured onp-type CZ Si implanted with
145-keV Si to a dose of 231013 cm22 and annealed at 680 °C for
h ~solid line! and onp-type epitaxial Si implanted with 1.2 MeV S
to a dose of 131012 cm22 and annealed at 600 °C for 30 mi
~dashed line, multiplied by a factor of 10!.
6-4
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and times show~see Fig. 4! that the same class of defects
formed regardless of the annealing conditions. In particu
in Fig. 4 the DLTS spectrum of a sample implanted with 1
keV Si to a dose of 231013cm22 on p-type Czochralski-
grown Si and annealed at 680 °C, 1 h~solid line! is compared
with a sample implanted with 1.2 MeV Si to a dose of
31012cm22 on p-type epitaxial Si and annealed at 600 °
30 min ~dashed line!. It should be noted that this last spe
trum has been multiplied by a factor of 10 to allow compa
son. The residual damage for the two samples is ma
given by two distinct signatures having activation energies
Ev10.33 eV andEv10.52 eV and labeled in Fig. 4 asB1

and B2 ~B-lines!, respectively.15,20 Similar defect signatures
have been detected regardless of the ion-implantation
ergy, dose, and impurity content of the sample. The O an
contents are, respectively, 3 and 1 order of magnitude hig
in CZ (;131018O/cm3, ;131016 C/cm3) than in epi Si
(@O#;@C#;131015cm23). Also the dopant concentratio
does not affect the damage signal, since the CZ Si wa
used have about one order of magnitude more B than the
Si. Moreover, in contrast to the low-dos
(,1011Si/cm2) residual damage, the thermal treatment is
the dominant factor in determining the final defect charac
istics.

These results and more extensive studies16,17 confirm that
neither the impurities, O or C, nor the dopant, B, are
main constituents of these defects. The same defect si
tures are observed regardless of the implantation dose
doses>131012Si/cm2. It should be mentioned that DLTS
measurements exhibit small differences, within60.05 eV
~;10%!, in the activation energy values for the two lines (B1
andB2), but they have not been successfully correlated w
any difference in the sample characteristics, implantat
conditions, or thermal treatment. Moreover, since the
sidual damage features after high-dose implantation do
depend on the impurity concentration for wide dose, te
perature, and time ranges, it is confirmed that they are
ticularly stable defect structures, probably clusters of intr
sic defects.

The PL spectra ofp-type ~solid line! andn-type ~dashed
line! CZ Si samples implanted with 1.2 MeV Si to a fluen
of 131013cm22 and annealed at 600 °C for 30 min are co
pared in Fig. 5. The same optically active centers are
served in bothn- andp-type Si under the same laser pumpi
power~50 mW! and temperature~17 K! conditions. The op-
tically active residual damage is the same regardless of
dopant ~P and B, respectively!. This result shows that the
dopant~P or B! does not influence the residual damage f
tures, as previously observed for the electrically active
sidual damage.

The PL spectra present two main features in the 110
1400 nm range, consisting of two broad peaks centere
1320 nm~0.94 eV! and 1390 nm~0.89 eV!. These two fea-
tures are broad luminescence bands and do not arise from
convolution of narrower peaks.21 The broadening in the PL
peak has been associated22 with the quantum confinement o
carriers in regions with the high strain surrounding the
fects. We will comment further on PL peak broadening lat
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Several sharp lines in the range 1200–1280 nm are su
imposed to these broad peaks. All of them have be
associated18 with point-like defect and defect-impurity com
plexes formed as a consequence of ion-beam irradiation
particular, a lineW8 at 1233 nm~1.0048 eV!, which is a
perturbed form of theW line ~1218 nm, 1.018 eV!, has been
identified.18 As previously mentioned, this line is associat
with small I-rich clusters.18,19 The line at 1279 nm~0.969
eV! is theG line due to the CiCs complex.18 The spectra also
exhibit the well-knownC line at 1570 nm~0.789 eV! asso-
ciated with the CiOi complexes18 and two peaks at 1620 nm
~0.765 eV! and 1660 nm~0.7466 eV! that can be associate
with oxygen thermal donors.23

To be sure that after 1.2-MeV Si implantation the sign
detected is due only toI-type defects or clusters, we mea
sured the PL spectra of samples implanted with 40 keV
that underwent the same thermal treatments. The same
are observed, thus ruling out that some of the PL lines
served in Fig. 5 are related to vacancy clusters.

Although the comparison of DLTS and PL measureme
does not allow us to conclude that the optically active cen
and the electrically active centers belong to the same de
clusters, both data sets can be easily associated with th
sidual damage, and in both cases, the dopant is not res
sible for the final defect characteristics. Both measureme
show the presence of a stable class of damage that doe
depend on the impurity or dopant concentration or type.

We performed PL measurements in wide dose
31012– 131014cm22), temperature~550–750 °C!, and time
~10 min–15 h! ranges and the same optical signatures
always detected, similar to the electrically active defects
ready shown in Fig. 4. As an example, the PL spectra
n-type CZ Si samples implanted with 1.2-MeV Si to doses
131011cm22 ~dots!, 131012cm22 ~solid line!, 1
31013cm22 ~dashed line!, and 231013cm22 ~dot-dashed
line!, annealed at 600 °C, 30 min, are plotted in Fig. 6. Si i

FIG. 5. PL signal forp-type ~solid line! andn-type ~dashed line!
Si implanted with 1.2 MeV Si to a dose of 131013 cm22 and an-
nealed at 600 °C for 30 min.
6-5
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implantation at low doses does not cause the formation
optically active centers after annealing, as the PL spect
~multiplied in the figure by a factor of 10! of the sample
implanted at 131011Si/cm2 confirms. For higher doses
>1012cm22, the intensity of the spectra increases with i
dose but the major features remain unchanged. All the s
tra exhibit the oxygen thermal donor peak (Od) at 1620 nm,
already observed in Fig. 5. Note that the intensity of th
lines is reduced when the dose is increased. It suggests
the centers responsible for these features compete with t
responsible of the 1200–1400 nm features in trapping
combining excess carriers. Finally, TEM analyses revea
that no extended defects are formed in these samples
after at 231013cm22 Si ion implantation.21

The two features at 1320 nm~0.94 eV! and 1390 nm~0.89
eV! are unchanged as a function of the ion-implantat
dose. Broad features in PL spectra have been usu
observed22 in samples having extended defects, such as
oxygen-precipitated, antimony-precipitated, and hydrog
plasma-treated silicon. The broadening has been assoc
with the quantum confinement of carriers in regions with
high strain surrounding the defects. Since no extended
fects are detected in our samples, we believe that these
natures are associated with carrier recombination in
strained region surrounding the smallI-clusters embedded in
the Si matrix.21 In the next section~Sec. III C! it will be
shown that the cluster electrical signatures~B-lines! also ex-
hibit a broadening that could be associated with the sa
cause: the strain introduced by the defects.

These PL results suggest that the material containsI-rich
regions whereI-type point-defect complexes~such as CiOi
and CiCs), small I-complexes ~the W line!, and larger

FIG. 6. PL spectra ofn-type Si implanted with 1.2 MeV Si to
doses of 131011 cm22 ~dots multiplied by a factor of 10!, 1
31012 cm22 ~solid line, multiplied by a factor of 3!, 131013 cm22

~dashed line!, and 231013 cm22 ~dot-dashed line! annealed at
600 °C for 30 min.
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I-clusters are present. Since we did not observe anyV-type
defect signatures, we believe that theI excess observed is th
direct consequence of the extra implanted ion, introdu
during implantation.

Since PL measurements are not quantitative, to get in
mation on defect concentrations and introduction rat
DLTS measurements were used. The defect concentratio
a function of the ion-implantation dose from 131012 to 5
31013cm22 for 145 keV Si implants for both defectsB1 ~s!
andB2 ~m! after annealing at 680 °C for 1 h isplotted in Fig.
7. The annealing temperature, 680 °C, allows the format
of extended defects at the highest dose, as will be show
Sec. III D. The comparison with a linear trend, the dash
line in the figure, clearly shows that the defect formation r
is strongly nonlinear as the implantation dose is increas
For 131012Si/cm2 implantation, only an upper estimation o
the defect concentration is given, as indicated by the arr
since it is below the sensitivity limit of the DLTS. Finally
the strong reduction in the defect concentration at
31013Si/cm2, about one order of magnitude, can be attr
uted to the formation of extended$311% defects, obtained a
fluences above 231013cm22, that compete with theB-lines
in storing the interstitial excess.15 These results confirm theI
nature of the clusters, since their concentrations reduce w
I-type extended defects form.

Another evidence of the complex nature of these defe
is provided by their depth-concentration profiles, as de
mined by DLTS. The depth-concentration profile of a poin
like interstitial defect, the CiOi ~d!, and ofB1 ~j! are shown
in Figs. 8~a! and 8~b!, respectively, and are compared wi
the Frenkel-pair~dashed line! and the extra ion~solid line!
distributions simulated byMARLOWE,24 a Monte Carlo code.
The experimental profile of the CiOi ~obtained after 1.2 MeV
Si ion implantation to a fluence of 13109 cm22) precisely
mirrors the simulated Frenkel-pair profile. The extra ion p
file simulation shows a narrower and slightly deeper pe
On the other hand, theB1 depth profile, obtained after 1.

FIG. 7. Defect concentration ofB1 ~s! andB2 ~m! as a function
of the implantation dose forp-type CZ Si implanted with 145 keV
Si after annealing at 680 °C for 1 h. The arrow indicates that
point at 131012 cm22 is an upper value due to the DLTS sensitivi
limit. The dashed line shows a linear trend.
6-6
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MeV Si ion implantation to a fluence of 131012cm22 and
annealing at 600 °C for 30 min, exhibits a maximum at;1.3
mm and precisely mirrors the simulation profile of the ex
implanted ion at this dose~divided by a factor 100 to allow
comparison!. Similar depth profiles have been measured
B2 ~not shown!. These considerations and the result that
B-lines defect structures form in the end of range regi
which is the region that experiences the maximum supers
ration of interstitials, support the conclusion that these
fects are Si interstitial clusters.

2. Early stages of interstitial cluster formation

The next issue to be addressed is the formation kinetic
the interstitial clusters. In particular, the existence of
threshold dose for their formation and its dependence on
impurity content are of great interest. In this section, it
shown that the presence of impurities~O and C! in the Si
sample modifies the kinetics of defect formation and dis
lution, although the cluster defects do not contain large nu
bers of C or O. We monitored the residual damage a
function of the implantation dose and of the material imp
rity concentration and the results are summarized in Fig
The DLTS spectra for both Czochralski@Fig. 9~a!# and epi
@Fig. 9~b!# p-type Si samples implanted with 1.2 MeV Si t

FIG. 8. Depth-concentration profile of~a! CiOi defect pairs~d!
in a p-type epitaxial Si sample implanted with 1.2 MeV Si to a do
of 13109 cm22, ~b! B1 line ~j! in a p-type epitaxial Si sample
implanted with 1.2-MeV Si to a dose of 131012 cm22 and annealed
at 600 °C for 30 min. The lines are a depth profile simulation of
implanted ion~solid line! and of the of Frenkel pairs generated b
the beam~dashed line!.
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fluences of 131010cm22 ~dot dashed line!, 131011cm22

~dashed line!, and 131012cm22 ~solid line, both spectra
have been divided by a factor of 5 to allow comparison! are
plotted in figure. All samples underwent annealing at 600
for 30 min. The DLTS spectra on epi Si show that the def
concentration is <231012cm23 for doses below 1
31012Si/cm2 while CZ Si samples show theB1 signature
after implants to 131010Si/cm2 and the cluster signature
are already visible17 at 1011Si/cm2, even if their concentra-
tion is quite low (,131013cm23). The figure clearly shows
that at least one of theB-lines is formed at lower doses in C
Si, which has a higher impurity content.

The comparison of these results with those shown in
previous subsection indicates that the impurity prese
plays a role in theI-cluster formation only for low doses
(<1011cm22) Si ion implantation. The experimental da
are explained assuming that only clusters above certain
mension can survive annealing at 600 °C for 30 min. As
result, very small clusters, e.g., formed by Si implantation
131011cm22, tend to dissociate at times much shorter th
30 min. This is what is observed in epi Si, where theI gen-
erated by the implant can be stored only in small clusters
different scenario is proposed for the CZ Si case where

e
FIG. 9. DLTS spectra measured onp-type ~a! CZ and~b! epi-

taxial Si samples implanted with 1.2 MeV Si to doses of
31010 cm22 ~dot-dashed lines!, 131011 cm22 ~dashed lines!, and
131012 cm22 ~solid lines, divided by a factor of 5!. All samples
were annealed at 600 °C for 30 min.
6-7
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SEBANIA LIBERTINO, SALVATORE COFFA, AND JANET L. BENTON PHYSICAL REVIEW B63 195206
impurity presence favorsI trapping. In fact, it is known tha
impurities, in particular, C, are efficient traps forI,25,26 stor-
ing them in small defects, thus preventing the formation o
bigger cluster27 or extended defects. C andI might form
mobile C-I complexes28 followed by the nucleation and
growth of C-I agglomerates.29 The impurities reduce the SiI
diffusion length by trapping and releasing them, prevent
their annealing to the surface and causing a local high su
saturation in the end of range region. As a result the clu
structures rapidly grow above the critical size to be stab
This effect is visible only at low doses. In fact, as the im
plantation dose exceeds a critical value, which we estima
to be 131012Si/cm2, the I supersaturation allows the fa
growth of I-clusters. Our interpretation of the data is co
firmed by the evidence that extended defects are known25,26

to form at a threshold dose that increases with the sam
impurity content. Moreover, it will be shown that the therm
stability of clusters strongly depends on the implantat
dose.17,30

3. Dissolution of interstitial clusters

In order to verify if the interstitials stored into sma
I-clusters might be responsible for TED phenomena at
implantation dose, we studied theI-cluster annealing behav
ior. In particular, we studied the dissociation energy by m
suring the residual damage as a function of the annea
time and temperature by DLTS. The analysis of the DL
spectra at different annealing times for a given tempera
gives the characteristic annealing timet0 at that temperature
These values were determined by fitting the data obtained
annealing at temperatures ranging from 550 °C~30 min–15
h! to 700 °C~10–40 min! for epitaxial Si implanted with 1.2
MeV Si to a fluence of 131012cm22. The characteristic time
(t0) is given by the relation

C~ t !5C0 expS 2
t

t0
D , ~1!

whereC0 is the initial cluster concentration. The concentr
tion values used for determination oft0 have been deter
mined from the data according with the procedure explai
in the next section.

The t0 values at the temperatures explored are sum
rized in the Arrhenius plot shown in Fig. 10 for bothB1 ~h!
andB2 ~s!. The best fits of the data are plotted in the figu
as a solid and dashed line forB1 andB2 , respectively. The
slope of the fits provides an estimation of the activation
ergy for dissociation. In particular, dissociation energy v
ues of 2.28 and 2.36 eV are obtained forB1 andB2 , respec-
tively. These values, equal within the experimental err
~;15%!, are consistent with the TED characteristic energy
absence of extended defects.6–9

In addition, we monitored theB-line dissociation as a
function of the implantation dose. The results forB2 are
summarized in Fig. 11. Similar results have been achie
for B1 ~not shown!. The samples were implanted with 14
keV Si to a fluence of 131012cm22 ~s!, 131013cm22 ~n!,
231013cm22 ~L!, and 531013cm22 ~>! and annealed a
680 °C for times ranging from 10 min to 15 h. At the lowe
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implantation dose shown in figure, the defect concentrat
is below the sensitivity limit of the DLTS system after 1
annealing, as indicated by the arrow in figure. When the
fluence is increased, up to 531013cm22, the time necessary
for cluster dissociation increases and a high defect conc
tration is present even after 15 h of annealing. This res
shows that theI-clusters are more stable in temperature
higher implantation doses. Since a higher dose implie
higher I supersaturation, the results of Fig. 11 suggest t
bigger clusters, more stable in temperature, are formed
this case.

C. Interstitial cluster characterization

In Sec. III B we pointed out that the optical spectra
I-clusters present broad features peculiarly different from
extremely sharp lines observed instead for point-like defe

FIG. 10. Arrhenius plot of theB1 ~h! andB2 ~s! characteristic
times. The solid and dashed lines are linear fits of the data.

FIG. 11. Defect concentration values, as obtained from DL
measurements, forp-type epitaxial Si samples implanted with 14
keV Si to doses of 131012 cm22 ~s!, 131013 cm22 ~n!, 2
31013 cm22 ~L!, and 531013 cm22 ~>!. The samples were an
nealed at 680 °C.
6-8
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Now we show that also the DLTS spectra ofI-clusters ex-
hibit much broader features than those expected for po
like defects. As an example, the DLTS spectrum of ap-type
epitaxial Si sample implanted with 1.2 MeV Si to a dose
131012cm22 and annealed at 700 °C for 20 min~d! has
been compared, in Fig. 12, with the simulation of a DLT
spectrum ~dashed line! of simple point-like defects. The
simulation was performed assuming two point-like defe
having the same activation energy and capture cross se
experimentally determined for theB-line I-clusters. As evi-
dent from the figure, the point-defect simulation is mu
narrower than the experimental data, but they are in g
agreement with the simulation curve~solid line! obtained
with the procedure described later in the text. One of
possible causes of the observed broadening could be the
volution of signatures quite close in the DLTS spectrum.
minimize this effect, the annealing temperature of 700
and time for the sample shown in figure were chosen in or
to have a goodB-line signal in DLTS and to reduce as muc
as possible the contribution arising from other defect str
tures that are less stable in temperature.

Broadening of DLTS peaks may have different explan
tions. In order to rule out most of them, and to get mo
insight on theI-cluster nature, different measurements we
performed. A peak broadening could result from the te
perature dependence of the defect carrier capture kinetic
ability of a defect to trap a carrier as a function of time.
simple point-like defect, such as CiOi , exhibits exponential
capture kinetics since only one carrier can be trapped at e
level. Therefore, the DLTS signal exponentially approac
a saturation value~when all traps are filled! as the pulse
width increases. An example of exponential capture kine
is shown as a solid line in Fig. 13, where the DLTS sign
intensity as a function of the logarithm of the filling puls
duration is plotted. The carrier capture kinetics related to

FIG. 12. DLTS spectrum~d! of a p-type Si sample implanted
with 1.2 MeV Si to a dose of 131012 cm22 and annealed at 700 °C
for 20 min. The experimental data have been compared with
simulations obtained assuming that the defect signatures were i
duced by point defects~dashed line! and defect bands~solid line!.
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extended defect exhibits fully logarithmic behavior, as pl
ted in figure. As an example, the capture kinetic of the$311%
electrical marker is plotted as a straight line in graph in F
13 ~.!. This last measurement was performed monitor
the $311% electrical signature atEv10.50 eV observed in
DLTS.15 The straight line in figure is a guide to the eye a
shows that the capture kinetic is fully logarithmic in th
case. This behavior is a direct consequence of the exten
nature of the defect, which is able to accommodate m
than one carrier. The capture of a single carrier by the de
does not produce a net change in its charge state, since
carrier is ‘‘delocalized’’ either in defects ‘‘surrounding’’ the
extended defect surface or in the extended defect core.31 As
a consequence of the charge storage at the defect, a Cou
bic repulsion significantly reduces the rate at which oth
carriers are trapped on the same defect. The DLTS sig
increases logarithmically with the pulse width and does
reach saturation.

Comparison of the capture cross section of theI-cluster
signature~d! with that of point defects and the extende
defects yields some hints about defect structure. The d
refer to B1 and are measured from an epi Si sample i
planted with 1.2 MeV Si to a dose of 131012cm22 and
annealed at 700 °C for 20 min. Similar behaviors have b
detected for all the samples implanted with 131012Si/cm2

annealed in the range 600–750 °C. The center exhibits a
havior that is a combination of exponential and logarithm
trends. For short filling pulses, until 131027 s the measured
trend can be well fitted by an exponential. An increase in
filling pulse duration results in a linear region well fitted b
a straight line~dashed line in figure! and corresponding to a
logarithmic capture kinetic. When the pulse duration is
creased above>1025 s, the saturation in the DLTS signal i
observed.

e
ro-

FIG. 13. Capture cross section measurements ofB1 ~d! and
$311% ~.! electrical markers. The solid line is the expected capt
cross section for a point-like defect. The two dashed lines are lin
fit of the data. For the linear fit plotted for theB1 capture cross
section, only part of the points was used. The solid line is
point-like defect capture cross section.
6-9
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To rule out a temperature dependence of the capture c
section that could contribute to the observed peak broad
ing, capture kinetics measurements in the temperature ra
of 190–230 K were performed on both interstitial clus
signatures. The results are plotted in Fig. 14 forB1 and are
similar for B2 . The results do not show any temperatu
effect on the capture kinetics of the defects. The results co
be explained by assuming that, since the cluster dimensio
larger than that of a point defect, it can accommodate m
than one carrier during the trapping process, as an exten
defect does. However, since the clusters are smaller tha
extended defect, there is an upper limit to the number
carriers that can be trapped by a single level, and the si
eventually saturates.

Another possible cause of peak broadening could b
field dependence of the trap emissivity.32 However, measure
ments of theB-line signals show that the emissivities do n
depend on the electric field, since Poole Frenkel effect w
not detected on the two peaks as a function of the app
electric field. Any role of electric field variation was rule
out by performing the following experiment. Two differen
measurements were performed in an epi Si sample impla
with 1.2 MeV Si to a dose of 131012Si/cm2 and annealed a
600 °C for 30 min. The reverse bias and filling pulse of 8 a
7.5 V, respectively, were used to monitor a region betwe
1.22 and 1.26mm from the surface. In such a thin regio
there is only a small variation in the electric field. The r
sults, plotted as a solid line in Fig. 15 forB1 and being the
same forB2 , show that the DLTS signatures exhibit th
same broadening observed when sampling a larger re
~dashed line!. The two spectra have been normalized to
low direct comparison. A larger variation in the electric fie
is produced in this last case, since the reverse bias and fi
pulse were 15 and 0.5 V, respectively. These results w
confirmed in several other samples. In addition, as sho
later in the paper, we have not detected any tempera
effect on the capture kinetics of the defects: the measu

FIG. 14. Capture kinetics measurements ofB1 as a function of
the sample temperature: 230 K~s!, 220 K ~n!, 205 K ~1!, 190 K
~3!, for thep-type epitaxial Si sample implanted with 1.2 MeV S
to a dose of 131012 cm22 and annealed at 600 °C for 30 min.
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broadening cannot be associated with a temperature de
dence of trap emissivity.

We believe that the broad DLTS signatures are related
a distribution of defect energy states in the Si band gap ra
than to field or capture kinetic–related effects on a sin
level. The broadening could be associated with a sprea
the emission energies from the deep levels. Examples
ported in literature are highly dislocated33,34 Si and the EL2
level35 in GaAs12xPx . Omling, Samuelson, and Grimmeis33

have analyzed broad DLTS peaks and extracted the con
tration and the energy spread of the deep levels. The ana
is based on the assumption that the deep levels in the
that produce the broad peaks are not associated to a s
level with activation energyE0 but to a narrow band of lev-
els that form a Gaussian distribution havingE0 as mean
value and with a broadening described by anS factor. The
DLTS signal13,35 (DC) can be described as

C~ t !5E
0

`

g~E!C0 exp@2en
t ~E!t#dE, ~2!

whereC0 is a normalizing factor andg(E) is the broadening
function given by36

g~E!5
1

A2pS
exp@2~E2E0!2/2S2#. ~3!

The data are fitted by varying the broadening factorS.
Using this procedure, Ayreset al.36 obtained an energy
spread of;35 meV for the DLTS signature of end-of-rang
extended defects in preamorphized crystalline Si.

An increase in theS factor both increases the width of th
measured DLTS peaks and reduces the intensity of the
nal. For this reason an equivalent defect concentration,NS ,
is defined as the concentration that would be obtained fr
the DLTS measurements if the broadening factorS were
zero. Moreover, it should be noted that the incorporation o

FIG. 15. DLTS measurements as a function of the electric fie
The same broadening is observed when using 7.5–8 V~solid line!
and 0.5–15 V as filling pulse and reverse bias, respectively.
broadening does not depend on the electric field distribution.
6-10
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defect complex, larger than a point-like defect, causes a la
reconstruction of the lattice around it. As a result, the nu
ber of levels introduced in the gap by each complex can
much lower than the number of defects~i.e., interstitials!
stored in it. This condition has been verified for extend
defects31,33,36and it is reasonable to assume that it holds a
for defect clusters. Therefore, the measured DLTS conc
trations are correlated with the number of clusters rather t
with the I stored in these clusters.

Finally, the data can be reproduced assuming a symm
~Gaussian! broadening of the two energy levels. The resu
plotted as a solid line in Fig. 12 have been obtained ana
ing theI-cluster DLTS signal using Eqs.~2! and~3!. There is
a good agreement between the simulation and the exp
mental data except at low temperatures, the difference a
ing from a contribution by an additional peak at;150 K
and/or to a nonperfectly Gaussian distribution of the def
states.36 An Svalue of 19.5 and 17 meV was obtained forB1
andB2 , respectively, for the sample plotted in Fig. 12. Sin
the measured peak heights are lowered as a consequen
the broadening, the fitting procedure also allowed us to
tract the correct defect concentrationNS from the spectra.

It is interesting to note that the measured spectra are
similar, both in energy and temperature location to tho
determined by Ayres and Brotherton36 for the DLTS signa-
ture of end-of-range extended defects in preamorphized c
talline Si, although the energy spread is much smaller,;18
eV versus;35 meV. This difference, observing that theB-
lines are signatures of small interstitial clusters rather t
those of extended defects, would suggest that theS param-
eter is sensitive to the dimension of the defect, increasin
the size increases, or to the stress around the defect.

TheSvariation with defect dimension has been charac
ized in the following experiment.p-type epitaxial Si samples
were implanted with 145 keV or 1.2 MeV Si to a fluence
131012– 231013cm22 and annealed at temperatures ran
ing from 600 to 750 °C. The annealing temperature was c
sen in order to minimize the broadening effects due to
convolution of more peaks. Changes in the thermal bud
produced significant modifications in the DLTS peak broa
ening and defect concentrations. The same reverse bias
filling pulse were used for all measurements to eliminate
electric field effect dependence. The results for a sample
planted with 1.2 MeV Si to a fluence of 131012cm22 and
annealed at 700 °C~.! are summarized in Fig. 16, where th
S factor ~left-hand scale! and the defect concentrationNS
~right hand scale! for signaturesB1 @Fig. 16~a!# andB2 @Fig.
16~b!# are plotted. Annealing for longer times resulted in
large increase of theS factor ~up to ;25–28 meV! and a
strong reduction in the total defect concentrations (NS) by
;2 orders of magnitude. This behavior is similar for bothB1
andB2 .

The data so far reported clearly indicate that similar str
tures are found in regions having a variable local envir
ment and/or a larger stress. The same structure can ex
slightly different carrier emission energies either due to
lattice stress surrounding the defect, or as a consequen
the interaction between carriers trapped on clusters clos
each other. Two possible explanations fit our data. Up
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annealing, clusters less stable in temperature dissociate
leasing the interstitials they stored. An average decreas
the number of clusters (NS) is expected. At the same time
the interstitials released by the dissolution of those clus
will join clusters more stable in temperature, increasing
stress around them and the associatedS value. The other
possible scenario is that, as the annealing proceeds, the s
clusters that survive dissociation can coalesce and c
closer to each other, as suggested by Monte Carlo simula
carried out by La Magna, Coffa, and Libertino.37 The pres-
ence of a larger number of clusters in a smaller area produ
a higher local stress. TheSvariation could be due either to
variation in the local stress around the defect or to the in
action of carriers trapped at different sites very close to e
other. ThisS dependence from the stress and/or trapped
rier interactions would be the responsible for the high valu
reported for extended defects.31

Measurements on epitaxial Si samples implanted at 1
keV Si to a fluence of 231013cm22 and annealed at 680 °C
for 4 h offer further insights into the physical meaning of t
S values. The reduced range of 145-keV Si ions lie with
the zero-bias depletion region, and only the tails of the da
age distribution can be monitored by DLTS. In the inset
Fig. 17 the depth concentration profiles ofB1(j) and B2
~.! are plotted and are compared to the extra implanted
depth profile~solid line, divided by a factor of 100! simu-
lated withMARLOWE. The comparison clearly shows that n
long-range migration of interstitials is involved in the defe

FIG. 16. Energy spread factorS ~solid lines! and total defect
concentrationNS ~dashed lines! as a function of annealing time fo
~a! B1 and~b! B2 . Data are plotted forp-type epitaxial Si samples
implanted with 1.2 MeV Si, 131012 cm22 and annealed at 700 °C
~.!.
6-11
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SEBANIA LIBERTINO, SALVATORE COFFA, AND JANET L. BENTON PHYSICAL REVIEW B63 195206
cluster formation, and regions of the sample at differ
depths experience different interstitial supersaturation. At
same time a larger stress and a closer spatial defect dist
tion are expected in the higher supersaturation region. IfS is
related to one of the two effects a different peak broaden
in different regions is expected. DLTS measurements w
performed in two different regions labeled asA ~solid lines
area in the inset! andB ~dashed lines area in the inset!. Re-
gion A was explored using a reverse biasVrev511 V and a
filling pulse ofVfill 50 V, while regionB was explored using
Vrev517 V andVfill 514 V. DLTS spectra recorded in th
two regions are plotted in Fig. 17 as a solid and a dashed
for A and B, respectively. Once again, the same signatu
B1 andB2 are present in both cases, but the DLTS spectr
of regionB has been multiplied by a factor of 900 and su
jected to a smoothing procedure to allow comparison. T
calculated values forS are ;27 meV in regionA and ;5
meV in regionB. Since regionA experienced a higher inter
stitial supersaturation during implantation than regionB,
both a larger stress and a denser cluster distribution are
pected in this region. Thus theSdependence may result from
both effects. The cluster density varies with depth due to
interstitial supersaturation distribution during implant; hen
both the stress of the lattice around the defects and the d
dimensions are larger in the region that experienced the h
est I supersaturation.

On the basis of these results, theS data plotted in Fig. 16
should be regarded as an average of the cluster distribu
or of the stress distribution. However, the contribution of t
clusters present in the tail of the ion distribution is expec
to be very small due to their low concentration~see Fig. 17!.
In addition, their contribution will decrease at longer anne
ing times.

FIG. 17. DLTS analyses on ap-type epitaxial Si sample im-
planted with 145 keV Si to a dose of 231013 cm22 and annealed a
680 °C for 4 h. Spectra were measured in regionA ~solid line, using
VRev511 V and VFill50 V) and regionB ~dashed line, using
VRev517 V andVFill514 V). The last spectrum is multiplied by
a factor of 900 in order to allow comparison. In the inset the dep
concentration profiles forB1 ~j! andB2 ~.! are plotted. The solid
line is the simulation of the implanted-ion depth distribution a
cording toMARLOWE.
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D. Extended defect formation

Si ion implantation to doses>531013Si/cm2 and anneal-
ing temperatures>680 °C for 1 h isknown to cause the
formation of extended defects, in particular$311% rod-like
defects,12 which have been widely characterized by TE
analysis. Recently we have shown15,20 that $311% defects ex-
hibit an electrical signature in Si visible by DLTS, as me
tioned in the previous section. Such a signature has b
identified as the electrical marker of the$311% defects moni-
toring by TEM the$311% evolution and by DLTS the signa
ture evolution as a function of the annealing conditions
the same samples. In this work, we used DLTS and PL m
surements to characterize extended defects and to obs
the transition fromI-clusters to extended defects. When t
annealing temperature is increased to 680 °C a new regim
entered, characterized by major modifications in the opt
and structural properties ofI-type defects. The PL spectra fo
the samples implanted with 1.2 MeV Si at doses in the ra
131012– 531013cm22 and annealed at 680 °C for 1 h are
plotted in Fig. 18. At the lowest dose (131012Si/cm2, dotted
line! the damage is fully recovered and the spectrum o
reveals the 1121 nm signature due to Si band-edge pho
assisted recombination.18 However, at doses>1013cm22 in
samples with a low C concentration (;1016cm23! a sharp
peak at 1376 nm~0.9007 eV! dominates the spectra. Th
width of this peak slightly increases with the ion
implantation dose and a broad band centered at 1550 n
developed at the highest dose (531013cm22!. We per-
formed a TEM analysis on all of the samples and those
planted at doses>131013cm22 revealed the presence o
$311% planar defects.21 A one-to-one correlation exists be
tween the observation of the PL line at 1376 and the pr
ence of a large concentration of$311% defects in the sample
and this line has been associated to optical transition oc
ring at or close to$311% defects.21 This result points to the PL
as a promising technique to fully characterize the exten

-

-

FIG. 18. PL spectra taken at 17 K onn-type Si samples im-
planted with 1.2 MeV Si to doses of 131012 cm22 ~dotted line!,
131013 cm22 ~solid line!, 231013 cm22 ~dashed line!, and 5
31013 cm22 ~dash-dot-dashed line!. The samples have been an
nealed at 680 °C for 1 h.
6-12
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defect formation. In fact, the presence of$311% defects in
DLTS is determined by a level atEV10.50 eV in a spectrum
in which are still present theI-cluster electrical markers tha
lie very close to the$311% peak in the spectrum. When ex
tended defects form the optical properties of the sample
totally modified and their presence is clearly visible by t
presence of the 1376 nm line.

The results shown in Fig. 18 clearly indicate the prese
of a threshold dose for the formation of extended$311%
defects. Previous measurements26 we performed on CZ S
with a carbon content>531016cm23 showed a threshold
dose for extended defect formation.231013Si/cm2. In
the Czochralski-grown Si with a low carbon conte
(;1016cm23! we used in this work, the threshold is muc
lower, certainly lower than 131013cm22. The formation of
$311% extended defects at relatively low dose,
31013Si/cm2, in these samples is in agreement with the
erature data, confirming the presence of a lower thresh
dose in highly pure materials. In fact, it is known7 that the
threshold dose for$311% defect formation is reduced whe
the impurity concentration is lower. As previously me
tioned, this has been attributed to the fact that C stores in
stitials, thus preventing the formation of big self-interstit
clusters and, eventually, extended defects. If the C conc
tration in the sample is strongly reduced, the threshold d
for $311% formation is expected to change.

We characterized the extended defect formation as a fu
tion of the annealing temperature and time. To this purp
samples implanted with 1.2-MeV Si to doses of
31012cm22 ~dotted line!, 131013cm22 ~solid line!, 2
31013cm22 ~dashed line!, and 531013cm22 ~dot-dashed
line! were annealed at 600 °C for times up to 15 h. The
spectra of the residual damage for these samples are
pared in Fig. 19. If the presence ofI-cluster optical signa-
tures for the sample implanted at the lowest dose is perfe

FIG. 19. PL spectra taken at 17 K onn-type Si samples im-
planted with 1.2 MeV Si to doses of 1012 cm22 ~dotted line!, 1
31013 cm22 ~solid line!, 231013 cm22 ~dashed line!, and 5
31013 cm22 ~dash-dot-dashed line!. The samples were annealed
600 °C for 15 h.
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understandable, the same is not true for the other sample
fact, even at the highest implantation dose (531013Si/cm2)
only theI-cluster signatures are present in the spectrum. T
result has been confirmed by our high-resolution PL spe
and TEM analysis. These last measurements only revea
presence of a region with a high strain centered at;1.35mm
from the surface, at the end-of-range of 1.2 MeV Si.21

Finally, PL measurements performed on samples
nealed at 600 °C for times of 30 h do not show the prese
of $311% defects, thus confirming the presence of a thresh
temperature. These result are in perfect agreement with
Monte Carlo simulations on lattice recently carried out by
Magna, Coffa, and Libertino. They showed that theI-cluster
evolution into extended defects cannot occur through
simple Ostwald ripening mechanism. In fact, theI-cluster
structures most stable for small aggregates, derived by ti
binding calculations,11 are different from the$311% structure.
A structural transformation of theI-clusters has to occur be
fore they can grow into extended defects. Only after t
transformation occurs the ‘‘traditional’’ OR takes place a
the extended defect regime is entered. Our results fit a
with the explanation proposed by Cowernet al.9 In fact, they
assume a very stableI-cluster configuration~with about eight
interstitials! and a large potential barrier before the OR c
take place. We believe that the ‘‘magic number’’ they fin
arises from the fact that at a certain size the clusters m
undergo a structural transformation in order to grow larg

IV. CONCLUSIONS

This work reviews the main results we found on inters
tial cluster formation, dissociation, and evolution into e
tended $311% defects. After low-dose implantation
109– 1011Si/cm2, second-order point defects, interstitial r
lated, form. They dissociate at temperatures<550 °C.
Intermediate-dose implantation, 1012– 1013Si/cm2, and an-
nealing at temperatures in the range 550–700 °C produ
interstitial clusters. We widely characterized their propert
and found the following.

~1! I-clusters introduce both electrical signatures with a
tivation energies ofEv10.33 eV andEv10.52 eV and opti-
cal signatures centered at 1320 nm~0.94 eV! and 1390 nm
~0.89 eV!.

~2! C, O, or dopants influence the clustering proce
probably acting either as preferential nucleation centers
small I-clusters or by trapping interstitials and preventi
them from annihilation at the surface.

~3! I-clusters are present in a dose and temperature reg
at which B TED occurs without the formation of extende
defects. Their dissociation energy varies as a function of
implantation dose, but the measured dissociation ene
value for I-clusters at 131012Si/cm2, ;2.3 eV, is in good
agreement with those observed for low-fluence TED.

~4! Broadening of both the electrical and opticalI-cluster
signatures have been observed. It is more pronounced in
gions that experience a higherI supersaturation and increas
as a function of the annealing time. The data clearly indic
that similar structures are found in regions having a varia
local environment and/or a larger stress.
6-13
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High-dose implantation,>1013Si/cm2, and annealing a
temperatures above 680 °C causes the$311% extended defec
formation. The$311% defect presence is detectable by bo
electrical~with a signature atEv10.50 eV) and optical~with
a PL signal at 1376 nm! measurements. PL measureme
allowed us to follow the transition fromI-clusters to ex-
tended defects and to find that a threshold dose (.1
31012cm22), determined by the impurity content of the m
terial, and a threshold temperature~.600 °C! exists for$311%
extended defect formation.

All the results reported in this paper strongly indicate th
a well-defined structural transition occurs in the evoluti
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from I-clusters to extended defects. These result suggest
the defect agglomeration does not undergo a simple Ostw
ripening mechanism at every size.
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