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Abstract
Low temperature photoluminescence (PL) studies have been carried out on
ion-implanted silicon in order to elucidate upon the structure evolution of
the self-interstitial (I) clusters as a function of implantation dose, energy,
species and post-implantation annealing conditions. PL measurements on
as-implanted and low temperature annealed (up to 450 ◦C) Si show a sharp
X band and a W band at 1200 nm and 1218 nm, respectively. The W band
shows gradual quenching of PL above ∼60 K with a characteristic activation
energy of 59 meV. We argue that the W band originates from a compact
di-interstitial cluster in Si. Short duration annealing at 600 ◦C results in
multiple sharp peaks in the range of 1228–1400 nm for the high energy
(MeV) and high dose (�1 × 1012 cm−2) implantation, while low energy
(keV) or low dose ions induce two broad peaks in the same wavelength
range. Prolonged annealing at 600 ◦C induces primarily two broad peaks
centred at 1322 nm and 1392 nm. These broad, but distinct, PL signatures
are attributed to a chain of I-clusters, while the multiple sharp peaks
possibly result from multiple configurations/ excited states of the compact
but bigger I-clusters. For annealing at and above 680 ◦C and dose of �1 ×
1013 cm−2, the sharp PL peak observed at 1376 is attributed to {3 1 1}
rod-like defects. We argue that the changing line shape and energy of the PL
spectra with processing temperature is a possible indicator of the shape
evolution of the clusters from compact to extended structures as predicted
recently from simulation.

1. Introduction

Self-interstitial defects in silicon are created through ion
implantation and associated with the transient enhanced
diffusion of dopants, directly [1] or indirectly through the
formation of larger extended defects, such as rod-like {3 1 1}
defects [2]. Experiments have revealed the presence of
small self-interstitial clusters [3–5] prior to the formation of
extended defects in Si. While the structural properties of
the {3 1 1} defects are relatively well analysed [2, 6], and a
number of theoretical models for the related I-clusters have
been proposed [7–11], reliable configurations of the stable I-
clusters are not fully understood. The intermediate I-clusters

that are thought to be the building blocks for extended rod-
like defects are difficult to detect by conventional electric and
magnetic methods. Theoretical investigations of the structure
and dynamics of small I-clusters have produced a diversity of
results and in most of the cases correlation with the experiment
has been found to be very poor [12]. Several models including
compact and non-compact structures have been proposed for
di-interstitials (I2), tri-interstitials (I3) and four-interstitial (I4)
clusters in silicon [7–11]. Recent studies have reported
complexity of these small I-clusters [13]. Theoretical studies
have suggested that stable interstitial (I) clusters in Si bound
to dislocations may be responsible for the dislocation related
photoluminescence [14]. This has opened up challenges for
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a deeper understanding on the optical properties of small
I-clusters.

Deep level transient spectroscopy (DLTS) and
photoluminescence (PL) spectroscopy have been uti-
lized in studying the formation and evolution of the interstitial
clusters in silicon [4, 5]. Several characteristic PL peaks
regarded as due to I-clusters have been reported for both
n-type and p-type Si. A defect called the W centre [15],
whose no-phonon peak is located at 1218 nm is commonly
observed from as-implanted and low temperature annealed
Si with various ions. Coomer et al [9] argued that a model
tri-interstitial (I3) cluster could account for many of the
fundamental properties of the W centre. However, recent
first principle calculation on the vibration modes of various
configurations of I3-clusters casts considerable doubt about the
identification of the W centre with the I3-clusters [16]. On the
other hand, I2- and I4-clusters in silicon have been identified
with electron spin resonance (ESR) studies. Commer et al
[17] proposed to attribute B3 ESR spectra, the 1039.8 meV
zero phonon line (X band) in PL and infrared (IR) absorption
peaks at 530 and 550 cm−1 to the I4 defect and recent study
confirms this identification [18]. The I4 defect is stable up
to ∼500 ◦C. However, the evolution of the defect spectra for
annealing above 500 ◦C is largely unknown. Using inverse
modelling of the cluster ripening process, Cowern et al [19]
predicted a number of intermediate size I-clusters such as I4

and I8 for small duration annealing at 600 ◦C and a broad
distribution of cluster sizes In, with n in the range of 10–200.
Experimental evidence of I8-cluster-nucleated formation of
extended defects was obtained from TEM analyses [20].
However, no direct correlation exists with the simulations
results on the electrical and optical signatures of the I-clusters
reported so far. Recent PL studies on proton and copper
implanted silicon have indicated the possible signature of
intermediate size clusters [21] that form during annealing in
the temperature range of 500–600 ◦C. Several sharp peaks
and a few broad peaks have been observed between 1228 and
1400 nm for samples implanted with high energy and high
dose and annealed at temperatures above 500 ◦C by other
groups [4, 5]. This suggests the presence of a number of
stable clusters between the W and X centres and the {3 1 1}
defects. However, no definite assignments have been made
for these peaks and in some cases the assignments are found
to be contradictory [4, 5]. Hence, it is necessary to investigate
the nature of the defects responsible for the observed PL
bands as a function of ion species, dose and energy. These
studies are expected to enable better comparison with the
theoretically predicted behaviour of the I-clusters.

In this work, we have investigated the photoluminescence
signature of I-cluster evolution during post-implantation
processing as a function of ion species, energy, dose and
doping. While many studies have primarily focused on n-
type silicon implanted with high energy (MeV) Si ions to
enable both electrical and optical studies, this study focuses
on the evolution of the PL line shape with various parameters
of implantation and processing steps for p-type Si, and the
results are compared with those of n-type Si. We attempt
to correlate our experimental results with the theoretically
predicted stability of I-clusters and their thermal evolution.
It is shown that various features of the PL spectra can be
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Figure 1. PL spectra of n-type epitaxial Si implanted with 80 keV
Si+, Al+ and P+ ions and post-annealed at 300 ◦C for 1 h. The
spectra are shifted upwards vertically for clarity without changing
the scaling. The principal peaks are denoted as X band (1200 nm),
W band (1218 nm) and W′ band (1245 nm). W-band intensity is
highest with P+-ion implantation.

understood in the framework of the stability of the I-clusters
as they evolve from compact to elongated defect structures.

2. Experimental details

The experiments were performed on epitaxially grown and
CZ grown (high content of oxygen and carbon impurity) n-
type and p-type silicon wafers. Epitaxial n-Si samples were
implanted at room temperature with 80 keV Al+, Si+ and P+

ions at a dose of 1 × 1014 cm−2. CZ-grown n-type and p-type
silicon samples were implanted with 145 keV and 1.2 MeV
Si+ ions in the dose range 1 × 1012 to 5 × 1013 cm−2. Post-
implantation annealing was performed under N2 ambient in
the temperature range of 150–750 ◦C for duration 30 min
to 4 h. PL measurements were performed at 17 K and the
luminescence was excited using Ar laser tuned to 488 nm. The
luminescence was analysed using a CVI spectrometer with a
single grating monochromator, and a liquid-nitrogen cooled
Ge diode detector was used with a lock-in technique to record
the signal. Temperature quenching of the PL was measured at
the peak emission wavelength with a temperature scan from
17 K to 100 K. Depth profile of the luminescent centres was
studied by step-by-step removal of the top Si layer by standard
sputter etching technique.

3. Results and discussion

3.1. Low temperature annealing (up to 450 ◦C)

PL measurements on as-implanted and annealed samples show
a well-known W band at 1218 nm, and the intensity of this peak
achieves maximum upon annealing at 300 ◦C [22]. Figure 1
shows a set of PL spectra for the epitaxial Si wafers implanted
with different ion species (Si, Al and P) and post-annealed at
300 ◦C for 1 h. The intense W band at 1218 nm corresponds to
a small I-cluster in silicon, as is found at a depth much larger
than the ion range [22] and the occurrence of W-band PL is
independent of implant ion species. The W′ band at 1244 nm
is a phonon replica of the W band. The peak X at 1200 nm
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Figure 2. PL spectra of 80 keV Si+ implanted at 260 ◦C on Si with a
dose of 1 × 1015 cm−2: (1) as-implanted Si layer, (2) after removal
of top 255 nm of Si layer (ion damaged), (3) 300 nm removed,
(4) 1000 nm removed. Inset shows the dose dependence of PL
intensity in as-implanted and 255 nm removed Si layer. W-band
intensity attains the highest value after the removal of the top
300 nm of the Si layer.

has also been reported earlier [23] and it is believed to originate
from a bigger I-cluster, as the X band grows at the cost of the
W band at temperatures above 300 ◦C [24]. We studied the PL
intensity of the W band as a function of Si-ion dose. In the as-
implanted Si, W-band intensity is found to decrease with the
dose in the range 1 × 1013 to 3 × 1014 cm−2, as shown in the
inset of figure 2. To isolate the location of the corresponding
radiative and nonradiative centres, we have performed the PL
measurements at various depths of the implanted samples by
controlled removal of the top Si layers. Figure 2 shows the PL
spectra of the as-implanted Si layer and after the removal
of the top 255 nm, 300 nm and 1000 nm Si layers from
the same implanted sample. The W-band intensity clearly
increases with the removal of the layer that is directly damaged
by implanted ions or the vacancy rich layer. SRIM [25]
calculation, a Monte Carlo code, of the damage profile using
80 keV Si ions show that the damaged region extends up to a
maximum depth of ∼200 nm. We found that W-band defects
are formed at a depth of ∼300 nm. Our results clearly show
that the W centre is formed as a result of migrating defects
species and these defects must form stable I-clusters, even at
room temperature and with the smallest ion dose. Hence, the
responsible defect should be one of the smallest clusters that
form upon irradiation. When the implantation is performed
at elevated temperature where the W-band intensity becomes
highest, we found that the X-band intensity does not change
appreciably though the W-band intensity increases many folds
upon the removal of the top silicon layer. For 300 ◦C annealing,
the W-line intensity attains a maximum, and at 450 ◦C the X-
band intensity grows whereas the W-band intensity diminishes
and becomes comparable to the intensity of the W band. This
implies that the X band is developed at the cost of the W
band, and the X band arises due to the formation of bigger

10 20 30 40 50 60

5

6

7

8

9

10

11 Si+ dose=3x1014 cm-2
W band

 Experimental data
 linear fit

lo
g e(

P
L 

in
te

ns
ity

) 
  (

A
rb

. u
ni

ts
)

1000/T (K-1)

Figure 3. W-band intensity as a function of inverse temperature
measured in the range of 17–100 K. The slope of the fitted line is
used to determine the deactivation energy for the PL quenching.
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Figure 4. PL spectra of p-type CZ Si implanted with 1.2 MeV Si+

ions to a dose of 1 × 1012 cm−2 and annealed at various
temperatures. The peak at 1619 nm (C-related) is due to an
interstitial carbon related centre.

I-clusters which must be derived from the W-band-related
I-clusters. We believe that this is a key point to the
understanding of the structure of the W-band-related defect.
The W-band PL intensity is found to be very intense in
annealed silicon or silicon implanted at elevated temperature.
We measured the PL intensity of the W band at the peak
wavelength (1218 nm) at various temperatures under a slow
scan of temperature. However, the PL intensity drastically
reduces above ∼50 K as shown in figure 3. We calculated a
deactivation energy of 59 meV for the thermal quenching of the
W band using an exponential relationship. This energy is close
to the energy of the spectroscopic displacement energy of the
defect from the band edge suggesting a bound-to-free thermal
activation for the W band. This low temperature quenching
of the W band implies that the corresponding defect is not
favourable for exploiting the room temperature light emission
from Si.

3.2. Intermediate temperature annealing (600 ◦C)

Annealing at 600 ◦C shows a drastic change in the PL spectra
for all the implanted samples as shown in figure 4. A high
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Figure 5. PL spectra of 600 ◦C for 30 min annealed p-type and
n-type Si implanted with two different doses. Sharp PL peaks
(I bands shown with arrows) on the broad envelope in the range of
1228–1400 nm are characteristics of I-clusters formed with high
energy and high dose ion implantation. Individual curves are shifted
vertically upwards for clarity of presentation.

energy (MeV) low dose (1 × 1012 cm−2) Si+ implanted
sample shows a relatively broad peak with two small peaks
(at ∼1269 nm and ∼1290 nm) overlapping on it. These small
peaks disappear for longer duration annealing (see figure 4),
indicating the possible dissolution of the defect complexes.
These small peaks may be related to the formation of some
I-clusters that do not emit light efficiently. Note that low
energy (keV) high dose Al+ or P+ implantation showed similar
broad PL peaks centred at ∼1340 nm after 600 ◦C annealing
[26]. On the other hand, when Si ions are implanted at MeV
energy and high dose (�1013 cm−2), both the n-type and p-type
Si samples exhibit several sharp PL peaks in the wavelength
range of 1228–1400 nm (labelled as I bands) after annealing at
600 ◦C for 30 min, as shown in figure 5. The intensity of these
I bands (at 1227 nm, 1240 nm, 1260 nm and 1275 nm, shown
with arrows) does not change appreciably with dose, and they
seem to be lying over a broad envelope (peak) whose intensity
increases with dose. The I-band features are exactly identical
for n-type and p-type Si. Similar features have been reported
earlier [4, 5, 21], but no satisfactory explanation exists for the
multiplicity of peak structures. In order to better understand
the nature of defects involved for the PL peaks, we studied
the influence of Si+ ion energy keeping the ion dose and post-
implantation processing conditions unchanged. The effect is
shown in figure 6 for a dose of 2 × 1013 cm−2. The data are
scaled appropriately to enable comparison; the keV implanted
sample, in fact, shows a lower intensity of PL. It is evident
from the spectra that when compared with MeV implantation,
keV ions do not induce these multiple sharp peaks; instead
only two broad peaks centred at ∼1300 nm and ∼1392 nm
are observed. Note that the peak at ∼1392 nm is common to
both cases. Hence, the multiple PL peaks in MeV implanted
samples may originate from a complex I-cluster or large
I-cluster possessing multiple configurations. These defects
form due to supersaturation of Si interstitials resulting from
the high energy impact of the ions into Si. This is a key result
for understanding the origin of the I bands that appear for the
intermediate temperature of annealing. When these samples,
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Figure 6. Comparison of the PL spectra for different implantation
energy: 1.2 MeV and 145 keV Si+ ions implanted on Si and
post-annealed at 600 ◦C for 30 min. No I bands are detected in keV
implanted Si.
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Figure 7. PL spectra of MeV Si+ implanted on Si at various doses
and post-annealed at 600 ◦C for 4 h. The spectra are shown for three
different doses on both n-type and p-type CZ Si. Two major peaks
are labelled as I1 (1322 nm) and I2 (1394 nm) bands in these sets of
spectra.

exhibiting multiple PL peaks, are further annealed for 4 h at
600 ◦C two broad peaks at ∼1322 nm (I1) and ∼1392 nm (I2)
survive. This feature is exactly identical in both p-type and
n-type Si as shown in figure 7, where the spectra are shown for
three different doses. Note that the line widths of the peaks
I1 and I1 are quite large as compared to those of the W and X
bands discussed in the previous section. Whereas the X and W
bands showed a full width at half maximum (FWHM) of only
∼7–8 meV, we estimated a FWHM of ∼80 meV for the I1 and
I2 bands. Hence, the large FWHM of I1 and I2 bands indicates
that the related defects have spread in activation energy and are
likely to have an extended structure. These spectral features
remain unchanged even for very long duration (up to 30 h)
annealing, indicating the enhanced thermal stability of the
relevant defects.
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Figure 8. (a) PL spectra of MeV Si+ implanted Si annealed at
680 ◦C for 75 min. The results are shown for two different doses
and dopants (n-type and p-type) in Si. (b) PL spectra of similar
samples annealed at 750 ◦C for 30 min. The sharp peak at 1376 nm
is labelled as the R band and broad peak centred at ∼1580 nm is
labelled as the D band.

3.3. High temperature annealing (�680 ◦C)

When the annealing temperature is increased to 680 ◦C, the
PL spectra are dramatically modified for the annealed samples.
The PL spectra for n-type and p-type samples for two different
doses are shown in figure 8(a) for annealing at 680 ◦C for
75 min. The spectra are dominated by a peak at 1376 nm
(R band). With increasing dose, the R-band intensity
increases with the appearance of another broad peak centred at
∼1576 nm (D band). The effect of increasing the dose is also
the broadening of the R band with a possible peak contributing
at the higher energy side. This is particularly evident for
the n-type sample. The R-band intensity further grows with
annealing at higher temperatures. Figure 8(b) shows the result
of 750 ◦C for 30 min annealing for the same two doses and
different doping types. In this case the D-band intensity is
found to be lower than that found for annealing at 680 ◦C.
In particular, the 750 ◦C annealed p-type sample shows no D
band, whereas the 680 ◦C annealed samples show comparable
intensity of the R band and D band. Hence, the D band can
be attributed to the radiative recombination at the residual
damage or strained region formed by ion implantation. The
1376 nm peak has been previously observed by other groups
[4, 5, 27] and has been directly correlated with the presence
of rod-like {3 1 1} defects as observed by transmission electron
microscopy [27]. Note that no R band was detected in the

samples implanted below a threshold dose of 1 × 1013 cm−2

and annealing temperature below 680 ◦C. The complete
transformation of the PL spectra after 680 ◦C from those of the
600 ◦C annealed samples and the presence of a threshold dose
and annealing temperature indicates that a severe structural
transformation may take place to form the R-band-related
defects from the I-band defects [27]. The presence of lattice
damage in the 680 ◦C annealed samples as evidenced by the
broad D band implies that residual damage is present for
600 ◦C samples for all doses of �1 × 1013 cm−2. Hence,
the broadening of the I1 and I2 bands in figure 7 is partly
contributed by the lattice damage surrounding these defects.
However, sharp I bands are characteristics of the bigger and
stable I-clusters.

3.4. Classification and origin of the defects

The results presented in the previous sections show that the PL
spectra are distinctly different for three different temperature
regions defined as low (RT to 450 ◦C), intermediate (600 ◦C)
and high (�680 ◦C) temperatures. The defect peaks observed
in the present study can be classified into two groups according
to their line shape: the sharp peaks (the W, X, R and I bands),
and the broad peaks (the I1, I2 and D bands). From our results
and other reports [28], it is known that the W centre is a small
I-cluster of Si. The number of interstitials in the W centre
was estimated to be one or two by employing the law of mass
action [28]. Since the X centre forms at a higher temperature
than the formation of the W centre and accordingly is more
stable than the latter, the number of interstitials in the X centre
is thought to be larger than that of the W centre according
to the concept of ripening of the clusters with the increase
of annealing temperature [3]. In modelling the X centre, the
tetragonal symmetry (D2d) and easy compressive nature of the
centre [23] should be satisfied. Recently an ESR signature of
the tetra-interstitial (I4) clusters in silicon has been obtained
[18] that exactly correlates with the X-band PL and infrared
absorption peaks at 530 and 550 cm−1. Hence, the X centre
can be assigned to an I4-cluster. PL measurements show that
the X centre is formed at the expense of the W centre, but
the X centre formation is not simultaneous with the formation
of the W centre even at elevated temperatures. This implies
that the X centre does not form as a result of simple addition
of mono-interstitials to the W centre as would be expected
from the simplest way of cluster ripening. Instead, the X-
centre defect must evolve from a possible combination of the
W centre defects. This is a key point for building a model
structure for the W centre. Hence, the W centre may consist
of a half unit of the X centre or I4-cluster. Accordingly, the I2-
cluster is the most likely candidate for the W centre, which can
easily combine to form an I4-cluster upon the supply of thermal
energy. The possibility of an I3-cluster being responsible
for the W band has been ruled out recently [12, 28]. The
extremely mobile model of I3 [11] does not corroborate with
our observation that the defect was not found at a depth of
1.0 µm, and the defect is formed by low mass ions or electrons
even at room temperature. Nakamura et al [28] argued on the
basis of symmetry requirement and formation order of the W
centre that 〈1 1 1〉 split monointerstitial or the 〈1 1 1〉 ST di-
interstitial are the most probable defects responsible for the
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W-band PL. However, the monointerstitial model is unlikely
to survive at elevated temperature and they are expected to
form at a very large depth due to their extremely mobile
nature. The ST di-interstitial model is synthesized from a
〈1 1 0〉 split interstitial and a T interstitial and consists of three
silicon atoms sharing one lattice site and forming an equilateral
triangle in a 〈1 1 1〉 plane. The +2 charge state of the 〈1 1 1〉
ST di-interstitial is the most stable (the formation enthalpy is
3.0 eV) among several charge states of three di-interstitials
calculated in [28]. In our view, the 〈1 1 1〉 ST di-interstitial
model is more appropriate for the W centre, as this has the
required symmetry and can easily transform to an I4 structure
by the aggregation of two di-interstitials upon annealing. This
I4 structure is known to be responsible for the X-band PL [17].
Hence, we assign the W-band PL to the 〈1 1 1〉 ST di-interstitial
defect and the X-band PL to the I4 defect. As the defect is
formed in the undamaged region of the crystal and we observe
a sharp PL line shape for the W band irrespective of the ion
dose, this is clearly indicative of the small and compact shape
of the clusters with a well-defined energy level in the band gap
of Si.

In the case of the W and X bands, we observe a FWHM
of only ∼6–7 meV which is close to that found for the TO
phonon line observed for excitonic recombination. Note
that in the PL measurements we used a scan step of 1 nm
for all spectra acquired and this is the smallest line width
observed for the recombination at a point defect. Hence,
we classify the W and X bands as arising from the compact
small I-clusters with I2 and I4 structures, respectively. Similar
sharp features are observed for some of the I bands shown in
figure 5. However, the major change in the PL spectra after
600 ◦C annealing indicates the corresponding change in the
structure and configuration of the I-clusters. In the literature,
a similar PL signature has been attributed to the precursor of
{3 1 1} defects [29]. However, Nakamura et al [21] did not
support this assignment, as they did not observe the evolution
of {3 1 1} defects even when the multiple peaks or broad peaks
were observed. Libertino et al [5] attributed similar peaks to
I-clusters, without proposing any specific structure. Cowern
et al [19] suggested that during the first few minutes of
annealing at 600 ◦C, the majority of the clusters remain with
size n = 8, for longer duration annealing nearly half of the
clustered interstitials remain of size 8 and half of the clusters
have a size distribution in the range n = 10–100. As discussed
above, the majority of the I-clusters remain of the size n = 4
for annealing up to 450 ◦C, and these I4-clusters grow further
to an I8 structure in the initial stages of annealing at 600 ◦C.
However, a number (at least four) of sharp peaks present in
the I bands cannot be explained by assuming the presence
of I8-clusters alone. On the other hand, a broad distribution
of clusters with sizes in the range of 10–100 cannot account
for these few peaks with relatively sharp features. Figure 8
shows that the 600 ◦C annealed sample contains residual
lattice damage that can account for the broad envelope over
which the relatively sharp I bands are superposed. Theoretical
predictions show that several configurations of an I-cluster can
have almost the same stability energy and correspondingly, in
the present study these I bands could be the manifestation of
the multiple configurations of the I8-clusters. In the literature,
even smaller I-clusters such as I3 and I4 are proposed to have

possible multiple configurations [11−13]. Therefore these I
bands are likely to originate from metastable configurations of
compact but bigger I-clusters such as I4 and I8. However,
none of the explicit numbers in these bigger clusters has
been estimated yet and structure determination of the centres
remains an open question. Electrical signature of metastability
[30] of I-clusters in Si has been provided from capacitance
transient spectroscopic studies. However, no direct correlation
exists in the literature with the optical studies. Another
possible mechanism for the multiple PL peaks is the transition
from different excited states to the same ground state of a
large I-cluster. For example, NL51 ESR spectra of electron
irradiated Si have been attributed to an excited state of the
neutral I4 defect [31], while the positive charge state of the
I4 defect has been correlated with the B3-ESR spectra [18].
Luminescence excitation spectra of diamond show a series
of similar undocumented PL peaks that were thought to be
due to radiative transitions from different excited states to the
same ground state of a divacancy-related centre [32]. Similar
mechanism may be operative in the occurrence of the multiple
PL peaks in the present study. However, more studies would
be required to pinpoint a specific mechanism.

When the 600 ◦C annealing is performed for a longer
duration (4 h to 30 h) the two broad bands I1 and I2 appear in all
the samples irrespective of the ion dose and doping type. These
broad peaks have a FWHM of about ∼75 meV, which is quite
large compared to that of the W and X bands. We attribute this
line shape broadening to the presence of lattice strain and the
extended structure of the corresponding I-clusters. Impurity
precipitates in silicon show a similarly broadened PL spectrum
with a FWHM of ∼50 meV or more depending on the amount
of strain involved in the lattice [33]. Strain-induced quantum
confinement of the carrier has been proposed to account for the
broad PL bands corresponding to a change in the local band
gap [34]. Weman et al [34] proposed that a compressive strain
field around an extended defect reducing the lattice constant by
about 3% is sufficient to reduce the band gap locally by as much
as 0.3 eV. In the present case, the positions of the two peaks I1

and I2 would correspond to a lattice-strain of about 2%.
In the model simulations, classification of the interstitial

defects provided by Kim et al [10] is useful. According to
them, the stable defect configurations evolve from a compact
to a chain-like to a rod-like {3 1 1} defect with an increasing
number of interstitials. When the 〈1 1 1〉 split interstitial model
is used as the building unit for the bigger clusters, the compact
clusters are more stable than the chainlike clusters up to four
interstitials, and there is a discontinuity in the formation energy
between the compact and chainlike configurations [10]. With
the help of high resolution transmission electron microscopy,
Schmidt et al have identified nanometer sized clusters [4] in
Si implanted (dose = 1 × 1014 cm−2) Si annealed at 525 ◦C.
This was a rather direct verification of the predictions made by
Kim et al. It is well known that the PL spectral line shape is a
characteristic of the strain in the defect/lattice. DLTS studies
on similarly treated samples have shown energy broadening
up to ∼30 meV for the related I-clusters [5]. Hence, we
attribute the broad I1 and I2 bands to the I-chains that form
upon annealing at 600 ◦C. Nakamura et al [21] have argued that
these defects do not directly evolve to {3 1 1} rod-like defects
as they do not detect the R band in copper and proton implanted

643



P K Giri

Si after 750 ◦C annealing. This is consistent with the proposal
made by Coffa et al [27]. For annealing at 680 ◦C and Si ion
dose of �1 × 1013 cm−2, the 1376 nm R band detected in our
studies as well as other studies corroborates with the presence
of {3 1 1} rod-like defects. Hence, the R band results from
the recombination of carriers at these defects. The line shape
analysis for the R band shows a FWHM of ∼10 meV, which is
of the same order as found for the W and X bands. Hence, the
formation of the {3 1 1} defects involves the release of strain
from the I-chains or extended I-clusters. As these defects give
rise to a well-defined energy level in the forbidden gap of Si,
the corresponding PL peak is sharp. This is analogous to the
occurrence of D-band PL lines in dislocated Si. Dislocation-
related D bands [35] in Si have similarly sharp line widths
and correspond to well-defined energy levels as determined
electrically.

4. Conclusions

Low temperature photoluminescence studies in ion-implanted
Si show the distinct signature of self-interstitial clusters of
various sizes. Small and compact I-clusters are characterized
by sharp PL peaks at 1200 nm and 1218 nm, irrespective of
ion species, dose and energy. We have argued that while
the 1200 nm peak is due to a tetra-interstitial (I4) cluster, the
1218 nm peak is ascribed to a ST di-interstitial (I2) cluster. For
high energy self-ion implanted Si, short duration annealing at
600 ◦C induces a number of PL peaks in the range of 1228–
1400 nm that are ascribed to bigger I-clusters, such as I8,
possessing multiple configurations and/or allows excited state
transitions. Prolonged annealing at 600 ◦C induces 〈1 1 0〉
oriented chains of I-clusters that give rise to two broad PL
peaks centred at 1322 and 1392 nm. Finally, for a dose of �1 ×
1013 cm−2 and an annealing temperature � 680 ◦C, a sharp and
intense PL band at 1376 nm is observed for both n-type and p-
type Si, which is attributed to the recombination at {3 1 1} rod-
like defects. The changing line-width of the PL spectra after
different stages of annealing is believed to result from the shape
evolution of the I-clusters from compact to extended structures.
These results corroborate the recent theoretical predictions
about the trends in the growth of extended interstitial defects
in Si.
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