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Evidence for small interstitial clusters as the origin of photoluminescence
W band in ion-implanted silicon

P. K. Giri®
Materials Science Division, Indira Gandhi Centre for Atomic Research, Kalpakkam 603102, India
and Dipartimento di Fisica, Universitdi Catania, 57 Corso Italia, 195129 Catania, ltaly

S. Coffa
CNR-IMETEM, Stradale Primosole 50, 195121 Catania, Italy

E. Rimini
Dipartimento di Fisica, Universitali Catania, 57 Corso Italia, 195129 Catania, Italy

(Received 7 August 2000; accepted for publication 9 November)2000

We have investigated the origin of the photoluminesce{®le 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 &¥ 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 Wense
band. The annealing behavior and the thermally activated growth ofMteenter suggest the
involvement of small interstitial clusters, larger than di-interstitial. In accordance with recent results
based on simulational studies, we argue that\theenter consists of tri-interstitial clusters of
silicon. © 2001 American Institute of Physic§DOI: 10.1063/1.1339253

lon implantation or irradiation of silicon with high ener- ter. Hence, a study on the growth and evolution of e
getic particles produces an intense and sharp photoluminesenter with postimplant annealing up to the temperature
cenceW band orl, band with a zero-phonon line at 1018 where extended defects are formed is expected to shed light
meV! The origin of theW band has been believed to be on the structure of this center.
related to either self-interstitials or to vacancies created by In this letter, with a view to understanding the origin of
the collision of the incident particles, while the exact micro-the photoluminescendd/ band, we have studied the growth
scopic structure of the defect is still under detfat&everal  and evolution of théN band in silicon with implantation at
proposals have been suggested as to the structure of thi¢evated temperatures and postimplantation annealing. By
center, which involves pentavacancy or tetravacancyareful monitoring of the intensity of the PL signal after
cluster! (111 silicon split-interstitials, and divacancie$lt  step-by-step removal of damaged Si layers, we show that the
is known that slightly modified luminescence bands are inW band related defects are located in regions rich in self-
troduced in Si by bombardment with inert gas ions and, frominterstitials atoms. It is shown that the formation of e
anab initio calculation, theW band was argued to originate center is thermally activated, and we argue thatwheenter
from neutral divacancie?sHowever, Davie®t al.carried out s a tri-interstitial cluster of silicon.

a comprehensive study on the uniaxial stress and magnetic Epitaxially grownn-type Si wafers were implanted with
perturbation of this luminescence band and showed that thgp keV ions of Sf, A", BY, and P. To study the depth
center possesses a trigonal symmetry and it incorporates silrofile of theW center, one set of samples was implanted at
con self-interstitialé. Subsequently, various other experi- 265 °C (the temperature at which thé&/ band intensity is
ments have supported the interstitial nature ofheenter?  known to achieve a maximunwith various fluences in the
However, more direct evidence about the exact structure qfange of 1x10"°-1x10%cm 2 The implanted surface of
the W center has yet to emerge. these samples was removed up to a depth pfilby sputter

In contrast to the wealth of information available on theetching in Severa' Steps_ Another set Of Samp|es was im-
growth of extended defects, very little is known about thepjanted with low-fluence (% 102cm™2) Si* ions at various
first stages of the aggregation process of self-interstitials andlevated temperatures to study the growth kinetics ofthe
their subsequent evolution to various rod-like and chain-likeyand. Some samples were implanted with 1.2 MeV i8hs
defects through intermediate defect configuratiéBCs). In with fluence of 5<10*3cm2 and postimplant annealed at
recent work, Coffaet al® investigated the transition of small 600, 680, or 750 °C to study the evolution of the PL spectra.
interstitial clusters to extende{B11} defects in self-ion- gome of the keV-implanted samples were postannealed un-
implanted silicon. The annealing characteristic of W€en-  ger flowing N, at various temperatures in the range of 150—
ter shows that the defect is stable upt635 K> and several 750 °c. PL measurements were performed at 17 K using the
studies indicate that the center does not involve a large clugg nm line of an argon laser.

The W band PL signal was detected in all the samples
dCorresponding author; electronic mail: pkgiri@igcar.ernet.in implanted at room temperature with different ions at a flu-
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peak at 1376 nm corresponding {811 defects® This im-
plies that in contrast to self-ion implantation, Almplanta-
tion does not produce a sufficient number of self interstitials
FIG. 1. (a) PL spectra recorded at 17 K onSi implanted with 80 keV Al for the formation of large agglomerates and for their eventual
ions followed by postimplantation annea_llng at various temperatures up It rowth to extendec{31]} defects. Thus, the present results
750 °C. The spectra are scaled appropriately and shifted upward verticall | h i itial cl . ved i
for clarity. (b) PL spectra fon-type Si implanted with 1.2 MeV Siions at trongly suggest that small interstitial clusters are Ir]VO Ve_ n
a fluence 5<10*cm2 and subsequently annealed at 600, 680, and 750 °cthe formation of théW center and that they evolve into big-

ger clusters or an extendéti10) chain of interstitials when

ence of 1X10"cm2, indicating that the defect does not aided by supersaturation of interstitials.

incorporate any impurity and is related to intrinsic defects, " '9ureé 2 shows the intensity of the PL spectra as a func-
Figure 1 shows a set of PL spectra measured at 17 K on glgn of fluence for samples implanted at elevated temperature

keV Al* implantedn-type Si subjected to postimplantation (265°O- In the as-implanted samples, tiéband intensity

annealing at various temperatures. The respective Sca“r{{{]mnotonlcally decreases with fluence. In contrast, after re-
factor used for plotting is mentioned on the left side of eacHnoval of 200 nm of the top surface layer, the PL intensity
curve and it illustrates the large change in PL intensity withinCréases with fluence |n|t|al!y and then saturates. The signal
annealing. The sharp peak at 1220 nm corresponds to tffgrther increases steeply with fluence upon removal of an

well-known W band and an associated band-at244 nm additional 55 nm from the surface, as shown in Fig. 2. These
appears to be a phonon replica of théband, since it is Measurements were performed under identical experimental

present in a fixed proportion to tH&/ band intensity for ~conditions. Note that ndV band could be detected in sput-
differently treated samples. From Figalit is seen that the tered unimplanted Si samples. A Monte Carlo calculation of
W line intensity attains a maximum for 300°C annealedthe damage profile for 80 keV Siions predicts that the
samples and for samples annealed at 450°C a dramatit&cancy profile and the implanted ions do not extend beyond
change is seen in the PL spectra, it consists of a broad pedkdepth of 200 nm from the surface. An increase in the PL
with small features at 1205 and 1218 nm. Upon annealindgntensity with the successive removal of the damaged layer
the samples at higher temperatuf@80 and 750 °(; a broad  clearly indicates that the region directly modified by the ion
featureless spectrum with very low intensity is obtained and>eam does not contribute significantly to théband inten-
it may be related to defect-impurity complexes formed as &ity. On the other hand, removal of the fully damaged region
result of irradiation: systematically enhances tWg-band intensity with fluence,
The increase in intensity of th& band with annealing is confirming that thew band arises from defects which have
indicative of thermally activated growth of the centefig- migrated deeper beyond the ion range profile. Monte Carlo
ure 1(b) shows the PL spectra for postimplantation annealedalculations on damage profile and several experimental re-
(600, 680, and 750 °Gsamples implanted with 1.2 MeV Si  ports suggest that, due to ion implantation, the near-surface
ions. The as-implanted Si shows the characterigtitand in ~ region is vacancy rich and the end-of-the-range region is
the PL spectranot shown. Annealing at 600 °C for 30 min interstitial rich/ especially for self-ion implantation. Ruther-
results in a broad peak related to small clusters of defectdprd backscattering channelif®BS-O analysis on this set
whereas a distinct and sharp PL pedkl] appears after of samples. This indicates that the peak region of the damage
annealing at 680°C for 75 min. The broad feature of theprofile was completely removed by the sputter etching of 200
spectra in the 600 °C annealed samples is common to botim at the first step. Hence, it is quite clear that the migrated
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12 typical dissociation energy of these clusters was higher than
80 keV St on n-Si: 5x10'2em 2 the dissociation energy reported for thi¢ band® and this
\ @  Experimental value is much lower than the dissociation energy for ex-
9 N — ——  Fitted line tended{311} defects. Having ruled out the possibility bf
w and large clusters as the source of Wvecenter, the most
! \!  E=0.85%0.05eV probable source of the/ center remains thk; cluster, con-
\ sidering it to be a stable clust&Our conclusion is strongly
6 A supported by recent results based on simulational studies.
\ Coomer et al}? systematically argued that a tri-interstitial
N (I3) defect may account for many of the fundamental prop-
erties of theW center reported in the literature. The lowest
N E SN TR T B Y energyl ; investigated by them possess@g, symmetry, in
1.8 2.0 22 2. 26 28 agreement with the symmetry of thé center* The | 5 struc-
1000/T (K- ture was closely related to th@11 defect structure pro-
FIG. 3. W-band PL intensity as a function of the temperature of implanta- posed by Taked%ﬁ. Perturbation of thav b.and due to vari-
tion for 80 keV Si" implanted Si at a fluence>10'?cm™2, showing an ous noble gas ions observed experimentally was also
Arrhenius relationship. accounted for by this model df;. Hence, these pieces of
supporting evidence from the literature convince us to be-
lieve thatl clusters are, indeed, the origin of the photolu-
minescencé&V band.
In conclusion, from PL studies we have shown that small
interstitial clusters are evolved to extend¢®ill} defects

Log, (PL Intensity (Arb. units)
Ve

PL in implanted silicon. NoA-band signal could be detected
beyond a depth of-1 um from the surface.
Figure 3 shows the PL intensity of th&-band zero-

phonon line as a function of irradiation temperature. An eX+,han supersaturation of interstitials is present and the origin

ponential increase in intensity with temperature in the ranges the W band can be traced to small clusters of self-
of 100.—265 °C is e\_/ldent from the linearity of the. plot and ;e rstitials. The annealing behavior and the thermally acti-
we derive an activation energy of 0.88.05 eV for this tem- 410 growth of thaw center also suggest the involvement of
perature range. Our g/alug is in excellent agreement with the, oy interstitial clusters, ones larger tharbut smaller than
work of Schultzet al”> This activation energy refers to ag- IDCs directly responsible for the growth ¢811 defects.

glomeration of the point defects a_md form_atlon of the relatedecant resuits from simulational studies strongly support our
defect clusters through a nucleation barrier. However, at th@iew that thew center consists of, clusters of silicon

temperature of interest theé, defects are relatively unstable.
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