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Evidence for small interstitial clusters as the origin of photoluminescence
W band in ion-implanted silicon
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We have investigated the origin of the photoluminescence~PL! W band in ion-implanted Si by
studying the temperature evolution and depth profile of the related defects. Evolution of the PL
spectra induced by postimplant annealing is correlated to a transition of small interstitial clusters to
extended$311% defects in self-ion-implanted Si. Growth ofW band intensity after step-by-step
removal of the damaged layer rules out the involvement of vacancy-related defects in the formation
of the W center and establishes that migrated and clustered interstitials give rise to an intenseW
band. The annealing behavior and the thermally activated growth of theW center suggest the
involvement of small interstitial clusters, larger than di-interstitial. In accordance with recent results
based on simulational studies, we argue that theW center consists of tri-interstitial clusters of
silicon. © 2001 American Institute of Physics.@DOI: 10.1063/1.1339253#
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Ion implantation or irradiation of silicon with high ene
getic particles produces an intense and sharp photolumi
cenceW band orI 1 band with a zero-phonon line at 101
meV.1 The origin of theW band has been believed to b
related to either self-interstitials or to vacancies created
the collision of the incident particles, while the exact micr
scopic structure of the defect is still under debate.2,3 Several
proposals have been suggested as to the structure of
center, which involves pentavacancy or tetravaca
cluster,1 ^111& silicon split-interstitials,4 and divacancies.2 It
is known that slightly modified luminescence bands are
troduced in Si by bombardment with inert gas ions and, fr
an ab initio calculation, theW band was argued to originat
from neutral divacancies.2 However, Davieset al.carried out
a comprehensive study on the uniaxial stress and magn
perturbation of this luminescence band and showed that
center possesses a trigonal symmetry and it incorporates
con self-interstitials.4 Subsequently, various other expe
ments have supported the interstitial nature of theW center.5

However, more direct evidence about the exact structur
the W center has yet to emerge.

In contrast to the wealth of information available on t
growth of extended defects, very little is known about t
first stages of the aggregation process of self-interstitials
their subsequent evolution to various rod-like and chain-l
defects through intermediate defect configurations~IDCs!. In
recent work, Coffaet al.6 investigated the transition of sma
interstitial clusters to extended$311% defects in self-ion-
implanted silicon. The annealing characteristic of theW cen-
ter shows that the defect is stable up to;535 K,5 and several
studies indicate that the center does not involve a large c
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ter. Hence, a study on the growth and evolution of theW
center with postimplant annealing up to the temperat
where extended defects are formed is expected to shed
on the structure of this center.

In this letter, with a view to understanding the origin
the photoluminescenceW band, we have studied the growt
and evolution of theW band in silicon with implantation a
elevated temperatures and postimplantation annealing.
careful monitoring of the intensity of the PL signal aft
step-by-step removal of damaged Si layers, we show that
W band related defects are located in regions rich in s
interstitials atoms. It is shown that the formation of theW
center is thermally activated, and we argue that theW center
is a tri-interstitial cluster of silicon.

Epitaxially grownn-type Si wafers were implanted with
80 keV ions of Si1, Al1, B1, and P1. To study the depth
profile of theW center, one set of samples was implanted
265 °C ~the temperature at which theW band intensity is
known to achieve a maximum! with various fluences in the
range of 131013– 131015cm22. The implanted surface o
these samples was removed up to a depth of 1mm by sputter
etching in several steps. Another set of samples was
planted with low-fluence (531012cm22) Si1 ions at various
elevated temperatures to study the growth kinetics of theW
band. Some samples were implanted with 1.2 MeV Si1 ions
with fluence of 531013cm22 and postimplant annealed a
600, 680, or 750 °C to study the evolution of the PL spec
Some of the keV-implanted samples were postannealed
der flowing N2 at various temperatures in the range of 15
750 °C. PL measurements were performed at 17 K using
488 nm line of an argon laser.

The W band PL signal was detected in all the samp
implanted at room temperature with different ions at a fl
© 2001 American Institute of Physics
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t t
ence of 131014cm22, indicating that the defect does no
incorporate any impurity and is related to intrinsic defec
Figure 1 shows a set of PL spectra measured at 17 K on
keV Al1 implantedn-type Si subjected to postimplantatio
annealing at various temperatures. The respective sca
factor used for plotting is mentioned on the left side of ea
curve and it illustrates the large change in PL intensity w
annealing. The sharp peak at 1220 nm corresponds to
well-known W band and an associated band at;1244 nm
appears to be a phonon replica of theW band, since it is
present in a fixed proportion to theW band intensity for
differently treated samples. From Fig. 1~a! it is seen that the
W line intensity attains a maximum for 300 °C anneal
samples and for samples annealed at 450 °C a dram
change is seen in the PL spectra, it consists of a broad p
with small features at 1205 and 1218 nm. Upon annea
the samples at higher temperatures~600 and 750 °C!, a broad
featureless spectrum with very low intensity is obtained a
it may be related to defect-impurity complexes formed a
result of irradiation.1

The increase in intensity of theW band with annealing is
indicative of thermally activated growth of the center.5 Fig-
ure 1~b! shows the PL spectra for postimplantation annea
~600, 680, and 750 °C! samples implanted with 1.2 MeV Si1

ions. The as-implanted Si shows the characteristicW band in
the PL spectra~not shown!. Annealing at 600 °C for 30 min
results in a broad peak related to small clusters of defe
whereas a distinct and sharp PL peak (E1) appears after
annealing at 680 °C for 75 min. The broad feature of
spectra in the 600 °C annealed samples is common to
Al- and Si-implanted Si, as seen in Figs. 1~a! and 1~b!. How-

FIG. 1. ~a! PL spectra recorded at 17 K onn-Si implanted with 80 keV Al1

ions followed by postimplantation annealing at various temperatures u
750 °C. The spectra are scaled appropriately and shifted upward verti
for clarity. ~b! PL spectra forn-type Si implanted with 1.2 MeV Si1 ions at
a fluence 531013 cm22 and subsequently annealed at 600, 680, and 750
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ever, in case of self-ion implantation and subsequent ann
ing at 680 or 750 °C, it results in a PL band with a distin
peak at 1376 nm corresponding to$311% defects.6 This im-
plies that in contrast to self-ion implantation, Al1 implanta-
tion does not produce a sufficient number of self interstiti
for the formation of large agglomerates and for their event
growth to extended$311% defects. Thus, the present resu
strongly suggest that small interstitial clusters are involved
the formation of theW center and that they evolve into big
ger clusters or an extended~110! chain of interstitials when
aided by supersaturation of interstitials.

Figure 2 shows the intensity of the PL spectra as a fu
tion of fluence for samples implanted at elevated tempera
~265 °C!. In the as-implanted samples, theW-band intensity
monotonically decreases with fluence. In contrast, after
moval of 200 nm of the top surface layer, the PL intens
increases with fluence initially and then saturates. The sig
further increases steeply with fluence upon removal of
additional 55 nm from the surface, as shown in Fig. 2. Th
measurements were performed under identical experime
conditions. Note that noW band could be detected in spu
tered unimplanted Si samples. A Monte Carlo calculation
the damage profile for 80 keV Si1 ions predicts that the
vacancy profile and the implanted ions do not extend bey
a depth of 200 nm from the surface. An increase in the
intensity with the successive removal of the damaged la
clearly indicates that the region directly modified by the i
beam does not contribute significantly to theW-band inten-
sity. On the other hand, removal of the fully damaged reg
systematically enhances theW-band intensity with fluence
confirming that theW band arises from defects which hav
migrated deeper beyond the ion range profile. Monte Ca
calculations on damage profile and several experimenta
ports suggest that, due to ion implantation, the near-sur
region is vacancy rich and the end-of-the-range region
interstitial rich,7 especially for self-ion implantation. Ruther
ford backscattering channeling~RBS-C! analysis on this se
of samples. This indicates that the peak region of the dam
profile was completely removed by the sputter etching of 2
nm at the first step. Hence, it is quite clear that the migra
interstitial clusters are directly responsible for theW-band

to
lly

.

FIG. 2. Intensity ofW-band PL as a function of Si1 ion fluence in as-
implanted~at 265 °C! silicon, after removal of 200 and 255 nm by sputt
etching.

o AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html
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PL in implanted silicon. NoW-band signal could be detecte
beyond a depth of;1 mm from the surface.

Figure 3 shows the PL intensity of theW-band zero-
phonon line as a function of irradiation temperature. An e
ponential increase in intensity with temperature in the ra
of 100–265 °C is evident from the linearity of the plot an
we derive an activation energy of 0.8560.05 eV for this tem-
perature range. Our value is in excellent agreement with
work of Schultzet al.5 This activation energy refers to ag
glomeration of the point defects and formation of the rela
defect clusters through a nucleation barrier. However, at
temperature of interest theV2 defects are relatively unstable
Moreover, no increase in the concentration of theV2 center
with implantation temperature has been found in io
irradiated Si,8 in contrast to the marked increase in t
W-band intensity. Hence, the possibility ofV2 being in-
volved in the formation of theW center can be completel
ruled out. Involvement of higher order vacancy aggregate
very unlikely, and this has been argued on the basis of
stress response of theW band.4

The W center is known to anneal above;265 °C, indi-
cating that a relatively small cluster is involved in the stru
ture. Various configurations of the small interstitial cluste
(I n) such asI 2 , I 3 , I 4 , I 5 , etc. have been proposed in th
literature for silicon.9 Recent studies usingab initio tight-
binding molecular dynamics simulations show that the fi
magic number for stable aggregates isI 3 ,9 and other con-
figurations having nearest low binding energies were fou
for I 2 andI 4 . I 2 anneals at;150 °C,10 which is in contrast to
the annealing behavior of theW center. Therefore, the pos
sibility of I 2 as the source of theW band can be ruled out. O
the other hand, higher order clusters are expected to h
much higher annealing temperatures. For example, Be
et al.11 reported the presence of electrically active intersti
clusters which were found in 600 °C annealed silicon. T

FIG. 3. W-band PL intensity as a function of the temperature of implan
tion for 80 keV Si1 implanted Si at a fluence 531012 cm22, showing an
Arrhenius relationship.
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typical dissociation energy of these clusters was higher t
the dissociation energy reported for theW band,5 and this
value is much lower than the dissociation energy for e
tended$311% defects. Having ruled out the possibility ofI 2

and large clusters as the source of theW center, the most
probable source of theW center remains theI 3 cluster, con-
sidering it to be a stable cluster.12 Our conclusion is strongly
supported by recent results based on simulational stud
Coomer et al.12 systematically argued that a tri-interstitia
(I 3) defect may account for many of the fundamental pro
erties of theW center reported in the literature. The lowe
energyI 3 investigated by them possessedC3v symmetry, in
agreement with the symmetry of theW center.4 The I 3 struc-
ture was closely related to the$311% defect structure pro-
posed by Takeda.13 Perturbation of theW band due to vari-
ous noble gas ions observed experimentally was a
accounted for by this model ofI 3. Hence, these pieces o
supporting evidence from the literature convince us to
lieve that I 3 clusters are, indeed, the origin of the photol
minescenceW band.

In conclusion, from PL studies we have shown that sm
interstitial clusters are evolved to extended$311% defects
when supersaturation of interstitials is present and the or
of the W band can be traced to small clusters of se
interstitials. The annealing behavior and the thermally a
vated growth of theW center also suggest the involvement
small interstitial clusters, ones larger thanI 2 but smaller than
IDCs directly responsible for the growth of$311% defects.
Recent results from simulational studies strongly support
view that theW center consists ofI 3 clusters of silicon.

The authors are grateful to A. Marino, S. Pannitteri,
Priolo, and M. G. Grimaldi for their help in various exper
ments.
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