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Abstract

We have investigated the optical and structural characteristics of defect evolution during high-temperature annealing of
keV-ion-implanted epitaxial silicon using optical microscopy (OM), photoluminescence (PL) spectroscopy and transmission
electron microscopy (TEM). Postimplantation annealing in oxygen ambient resulted in oxidation-induced stacking faults (OISFs)
and dislocations. The PL spectrum of these samples is dominated primarily by a dislocation-related D1 line, which is particularly
strong in Al-implanted samples as a consequence of the enhanced formation of dislocations with Al implantation. Comparative
analysis of the PL signature and OM observations of defects for different implants suggests that D1 and D2 lines result from
dislocations rather than in the OISFs. Indeed, it is found that OISFs act as a nonradiative recombination channel in the
luminescence of Si. PL studies of N2-annealed samples indicate the formation of nonradiative defect centres. In the case of dopant
implants, after rapid thermal annealing (RTA) for 2 min in N2 ambient, the specific signature of extended defects was found from
PL studies, while TEM analysis reveals the presence of B111\ precipitates located in a region with a high dislocation density.
In comparison with other dopants, Al implants show an enhanced formation of extended defects, and they are found even at a
depth beyond the end-of-ion range damage. © 2000 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

With the stringent requirements for the optimum
processing of modern-generation semiconductor
devices, it is imperative to understand the nature and
origin of process-induced defects in silicon (Si) [1,2].
Despite several decades of studies of defects due to ion
implantation, particularly with dopant ions in Si, a
thorough understanding of several unwanted phenom-
ena such as impurity precipitation, out-diffusion, segre-
gation, low electrical activation, etc., during
semiconductor processing is lacking in the literature [3].
In particular, compared to other dopants in Si, Al
doping is known to exhibit anomalous behavior in
terms of the phenomena mentioned above. However,
little is known about the role of processing steps and

implant-induced defects in the manifestation of such
behavior [4,5].

It is known that high dose implantation-induced
defects can act as a nucleation site for the formation
and evolution of defects during post-implantation pro-
cessing. High-temperature annealing, and in particular,
rapid thermal annealing, is routinely adopted in semi-
conductor processing to achieve dopant activation and
damage removal while leaving unwanted diffusion.
However, the role of secondary defects resulting from
such processes have been investigated to a lesser extent
[6]. The precipitation of impurities above the solid
solubility limit has been extensively studied in the liter-
ature, but the detailed role of processing steps, the
impact of implant-induced defects and damage on do-
pant precipitation below the solid solubility limit is not
well understood [7].

Photoluminescence (PL) spectroscopy is a sensitive
tool to study the radiative recombination properties of
various defects in Si [8]. While most of the studies have
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focused on common impurity-related PL signature in
Si, a proper understanding of the origin of PL in
various extended defects in Si is lacking in the litera-
ture. Among the various extended defects, oxidation-in-
duced stacking faults (OISFs) and dislocations have
been the subjects of extensive investigations in the past
using various tools. However, there exists a debate
about the origin of PL D lines in Si containing disloca-
tion and OISFs [9] — while it is commonly believed
that dislocations decorated with impurities result in D1
and D2 PL lines from Si [10]. Similar conclusions have
been drawn from the analysis of electronic and optical
properties of OISFs [11].

This work is aimed at investigating the optical and
structural characteristics of various defects that evolve
during high-temperature annealing of ion implanted Si.
The defects have been characterized using PL, cross-
sectional-transmission electron microscopy (XTEM),
and optical microscopy (OM); this was after chemical
etching to understand the role of implant species and
annealing ambient in extended defect nucleation,
growth and dissolution during standard technological
processes. Studies of OISFs and dislocations, using
complementary techniques, provide important informa-

Fig. 2. Comparison of PL spectra at 17 K for Si implanted with
different ion species (Al+, B+, P+, and Si+), and subsequently
oxidized at 1200°C for 1 h in dry oxygen. D1 and D2 refer to
well-known dislocation-related PL lines in Si.

Fig. 1. Optical-microscopy image of Schimmel-etched Si wafers sub-
jected to implantation with different ion species (Al+, B+, P+, Si+)
and subsequent oxidation at 1200°C for 1 h in dry oxygen. A
magnification of 500 is used to show the presence of dislocations
(dots) and OISFs (lines).

Fig. 3. Cross-sectional TEM image of extended defects for (a) Al and
(b) P implanted Si after O2 annealing. A high density of dislocation
lines is clearly seen in the Al+-implanted case. The arrow indicates
the location of the surface.
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tion about the origin of D lines in the PL spectrum. We
provide spectroscopic evidence of dopant precipitation
during the rapid thermal annealing of implanted Si,
even for concentrations below the solid solubility limit.
Different sources of extended defects in thermally pro-

cessed wafers have been investigated, and the specific
behavior of Al in comparison with other conventional
dopants and to self-ion-implanted Si is pointed out.

2. Experimental details

The experiments were performed on phosphorous-
doped epitaxial (EPI) Si layers 60 mm thick (r:70 V
cm) grown on FZ Si wafers. The implantation of Al+,
B+, P+, and Si+ ions was made on an epitaxial layer at
an energy of 80 keV and to a dose of 1×1014 cm−2.
The implanted samples were oxidized with dry O2 for 1
h at 1200°C on preannealed or as-implanted wafers.
The preannealing of the implanted wafers was per-
formed using rapid thermal annealing (RTA) for 30 s
and 2 min, or furnace annealing for 1 h under N2 flux
(2 l min−1) at a temperature of 1200°C. For furnace
annealing, the samples were inserted sufficiently fast
into the tube of the furnace, maintained at 1200°C, and
taken out after 1 h without allowing extra time for slow
heating or cooling. Two min of RTA was performed in
four steps of 30 s each with an interval of a few min
in-between for cooling. PL measurements were carried
out at 17 K using a closed cycle He cryostat, and
luminescence was excited using the 488 nm line of an
Ar laser. The luminescence was analyzed using a CVI
spectrometer with a single-grating monochromator. All
oxidized specimens were etched in dilute HF solution to
remove the oxide layer before performing PL measure-
ments. For OM observation of extended defects, oxi-
dized wafers were at first etched in hydrofluoric acid
solution to remove the oxide layer, and subsequently
etched for 30 s in Schimmel solution [12]. Defects and
precipitates were also analyzed by XTEM. A JEOL
2010 transmission electron microscope operating at 200
kV was used for recording the image.

3. Results and discussion

3.1. Defect e6olution under O2 annealing

Fig. 1 shows a set of optical-microscopy images for
various implanted wafers after subsequent annealing in
dry O2 at 1200°C for 1 h. The processed wafers were
Schimmel etched for 30 s to delineate the defects in all
samples except for P+-implanted Si, which was etched
for a longer duration. For Al+-, B+-, and Si+-im-
planted wafers, a high density of OISFs (:106 cm−2)
and dislocations (:107 cm−2) was observed, while the
sample with P+ implantation shows no OISFs. After
etching (Schimmel) for 90 s, the P+-implanted sample
shows a high density of epistacking faults, as shown in
Fig. 1. It is also clear from Fig. 1 that the density of
dislocations (dots) is high in the Al+-implanted sample

Fig. 4. PL spectra at 17 K of Si implanted with various ions and
subsequently subjected to RTA for 2 min in N2: (a) Al+; (b) B+; (c)
P+; and (d) Si+. The broad peak P at :0.77 eV is related to dopant
precipitates.

Fig. 5. Comparison of bright field XTEM images for Al+ and P+

implanted and subsequently RTA annealed (2 min, 1200°C) EPI Si.
The Al+-implanted sample shows a high density of precipitates and
dislocation lines at large depths. The arrow points to the location of
the Si surface.
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compared to other cases. The measured length (:12
mm) of OISFs is as expected from calculations with
known growth rates. However, a nonuniform size dis-
tribution in OISF lengths is indicative of the preferen-
tial growth of stacking faults in defect-nucleated
regions. The density of OISFs is particularly low in the
Si+-implanted case. The absence of OISFs in P+-im-
planted Si has been reported earlier, but no explanation
is known [13]. The implanted wafers which were sub-
jected to preannealing in N2 ambient prior to oxidation
show a reduced concentration of defects. However,
samples subjected to 1200°C annealing for 1 h in N2

showed a substantial amount of residual dislocation in
Si+ implanted samples, while Al+- and B+-implanted
samples showed low concentrations of OISFs and dislo-
cations. The presence of defects after such high thermal
budget may imply that nucleation sites for extended
defect formation were not completely annealed out, or
defects introduced during N2 annealing act as a nucle-
ation site for such extended defects. Indeed, we found
that virgin Si wafers that were subjected to preanneal-
ing in N2 and subsequently oxidized showed the pres-
ence of OISFs in low density (:5×104 cm−2)
irrespective of the preannealing time duration. Hence,
residual defects in preannealed samples are partly be-
cause of contamination in the furnace/RTA chamber
and thermal stress, particularly associated with the
RTA process [7].

Fig. 2 shows a set of PL spectra recorded at 17 K for
the same set of samples as used in Fig. 1, which were
implanted and subsequently annealed in oxygen for 1 h
at 1200°C. In the case of Al+-implanted Si, the spec-
trum is dominated by a sharp peak at 0.810 eV (labeled
D1) and another relatively weak peak at 0.875 eV
(labeled D2). The peak at 0.810 eV is common to all
spectra in varying intensity, as a result of different
implant species. However, apart from the Al+-im-
planted case, the 0.875 line intensity is negligible or
absent in samples with other implant species. The peak
at 0.810 eV is due to well known dislocation-related
defects, commonly denoted as Dl, and the peak at 0.875
eV is also ascribed to dislocation-related defects, re-
ferred to as D2 [10]. In the case of Si+ implants, the D1
line is broad with a higher energy shoulder and the
band-edge-related signal (at :1.12 eV) is very high,
comparable to the PL signal from virgin Si. This latter
feature in Si+-implanted samples indicates that suffi-
cient damage recovery or annealing of the nonradiative
channel has occurred during annealing in oxygen ambi-
ent. PL studies on preannealed (in N2 ambient) and
oxidized samples show a complete suppression of D
lines. Moreover, neither was the TO phonon-related PL
peak detectable in these sets of samples — in spite of
the expected annealing of defects/damage during prean-
nealing. This indicates that defects induced during pre-
annealing act as a non-radiative channel to PL in Si.

Note that we observed, from OM studies on prean-
nealed, oxidized specimens, a reduced concentration of
OISFs and dislocations with an increasing annealing
time. However, the residual defects are found to be
nonradiative in Si.

Dislocation-related D1 and D2 lines have been exten-
sively studied in literature and are believed to result
from bound-to-bound transitions [10]. D1 and D2 lines
have been reported to occur in ionimplanted Si, heat
treated CZ Si, oxidation-induced stacking faults, etc.
During the oxidation of Si, a large concentration of Si
interstitials are injected into the Si matrix at the Si–
SiO2 interface because of the change in the volume ratio
of Si and SiO2 [14]. The lattice damage induced by ion
implantation acts as a nucleation site for the formation
of extended defects such as dislocations and stacking
faults during the oxidation of Si. For common dopant
implants, the formation of stacking faults and disloca-
tion upon oxidation of Si has been widely studied [13],
and it has been reported that the oxidation of phospho-
rus-implanted Si does not give rise to OISFs in Si, while
it forms epistacking faults that lies deep in the bulk. It
has also been reported that while chemical etching
failed to delineate OISFs in a phosphorous-doped
layer, TEM observations showed OISFs [15]. Therefore
results from one technique need to be compared with
those of other techniques. On the other hand, disloca-
tion formation during annealing in O2 is known to be
common to all dopant implants and we observed corre-
sponding D lines in PL spectra, as shown in Fig. 2.

A relatively strong D1 line in Al-implanted and
oxidized Si indicates that dislocation and oxidation-in-
duced stacking-fault formation were enhanced in this
case in comparison to B and P dopants species. The
optical images shown in Fig. 1 reveal that the disloca-
tion density in the Al+-implanted sample is about two
times that of the B+-implanted sample, while OISF
density is similar in the two cases. Therefore, the
stronger D1 line in PL spectra for the Si–Al+ sample
refers to the fact that the D1 line is more fundamental
to dislocations than OISFs. A close look at Fig. 1 and
Fig. 2 for P+-implanted samples reveals, rather, that
OISFs act as a nonradiative channel for PL in Si. They
cause suppression of band-edge-related signals in PL
and the dislocations are responsible for the D1 line in
the PL spectra of Si — contrary to the belief that
OISFs give rise to D1 and D2 lines [11].

Fig. 3 shows the comparison of XTEM micrographs
of Al+- and P+-implanted and subsequently oxygen-
annealed wafers, showing clearly the high density of
dislocation in the Al+-implanted sample. The disloca-
tion lines extend to :1 mm while ion damage is located
at about 0.1 mm. Therefore, defects in Al+-implanted
cases are formed very deep in the bulk, perhaps due to
the high diffusivity of Al in Si. Furthermore, XTEM
analysis of P+-implanted and oxidized Si showed no
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detectable density of extended defects (Fig. 3(b)), in-
cluding dislocations and stacking faults. This is corre-
lated with the very weak D lines in the PL spectrum
(see Fig. 2) for this sample and therefore the above
conclusion relating to D1 and D2 lines is supported by
such observations. From RTA annealing in N2, and
subsequent oxidation of Al+-implanted wafers, we
found further evidence that D1 and D2 lines cannot be
correlated with OISFs, and that they are characteristics
of dislocations only. Details of these results will be
published elsewhere [16].

3.2. Defect e6olution during preannealing under N2

Fig. 4 shows PL spectra for Si samples implanted
with Al+, B+, P+ and Si+ ions in equal doses (1×1014

cm−2) and RTA processed for 2 min at 1200°C in N2

ambient. The peak labeled P at :0.77 eV is common
to all dopant implants, while Si+-implanted samples
show a broader peak at higher energy, as seen in curve
(d) of Fig. 4. During annealing in N2 ambient, the peak
P evolves with RTA of 2 min and reduces substantially
after annealing for 1 h. The occurrence of the broad
peak in PL spectra is often related to the presence of
macrodefects such as defect clusters in the crystalline
matrix [17], and a model has been proposed in the
literature for such broad PL peaks, taking into account
the quantum confinement of carriers in the strained
region of the lattice caused by ion damage [18]. In the
present case, we believe that the implanted dopant
atoms form precipitates in the damaged region during
the high-temperature RTA process and the broad peak
P results from strain surrounding these precipitates.
The solid solubility limit at 1200°C for different im-
planted dopants used in this work is much higher
compared to the maximum concentration of dopants in
the implanted peak region. For example, the peak
concentration of implanted Al is found to be :3.7×
1018 cm−3 (using secondary ion mass spectrometry)
whereas the solubility limit is :2×1019 cm−3. For B
and P, the solid solubility limit at this temperature is
5×1020 and 1.4×1021 cm−3, respectively. Although
maximum concentrations of the implanted dopants are
well below the solid solubility limit, in the present case
the thermal nonequilibrium condition resulting from
the use of a high ramp rate during annealing is most
likely to be responsible for such precipitation. Another
important factor contributing to the precipitation pro-
cess is the fast diffusion of dopants in the nearly
amorphous layer of damaged Si and the corresponding
precipitation at the amorphous–crystalline interface
during RTA [8].

The structure of the defects in these RTA annealed
samples was further investigated by TEM analysis. Fig.
5 shows bright-field XTEM images of Al+- and P+-im-
planted Si and RTA (2 min)-annealed Si. The presence

of precipitates and dislocations near the surface is
clearly seen in both the cases. Compared to the P+-im-
planted sample, the Al+-implanted sample shows dislo-
cation lines, and the precipitates are located exactly at
these dislocations [19]. This may indicate that Al trap-
ping in dislocation is responsible for efficient precipita-
tion, even below the solid solubility limit [20]. The
dislocation lines were found to be extended to a rela-
tively deeper region in the case of Al+-implanted sam-
ples, because of their high diffusivity. The precipitates
were found to be B111\ oriented in both cases. In
spite of the presence of dislocations in these samples,
we did not observe any D-line luminescence in the PL
spectra of Fig. 4. It might indicate that the presence of
precipitates acts as a nonradiative channel for D-line
luminescence.

The occurrence of the broad peak P (at :0.77 eV) in
PL spectra with similar intensity for all three dopant
implants indicates similar efficiency of precipitation
process independent of the dopant species. However,
the peak was shifted to higher energy and broadened
for Si implants and subsequent RTA. Si implantation
gave rise to excess Si interstitials of large concentrations
for the 1×1014 cm−2 Si+ dose, and the extended
interstitial chains are expected to form in such a high
dose limit. The interstitial diffusivity is known to be
very high even at RT, which is consistent with their fast
migration and extended defect formation. However, the
RTA produces a distribution of these defects such that
they experience an inhomogeneous environment and
this is believed to result in a relatively broad peak. For
higher-temperature annealing these defect chains may
align to produce {311} defects which are primarily due
to interstitial clustering [21]. We believe that the broad
peak in self-implanted Si results from interstitial chains
of relatively small size. It is important to mention here
that XTEM analysis of Si+ implanted RTA annealed
samples did not show any detectable extended defects,
in contrast to dopant-implanted cases. Studies on mi-
crodefect formation during annealing has revealed the
signature of a broad PL peak related to Si interstitials
[17]. We have observed that this peak in PL appears in
a smaller intensity (not shown) for samples annealed
for 1 h at 1200°C in N2. As this thermal budget is high
enough to recover damage and dissociate any clusters
from more stable extended defects, the exact nature of
these defects in the Si+-implanted case remains unclear
and needs further investigation.

4. Conclusions

Using optical and structural characterization, ex-
tended-defect formation and their evolution during the
thermal annealing of keV-implanted epitaxial Si has
been investigated for various implanted ion species. It is
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shown that annealing in N2 ambient gives rise to defects
which are different from those that form during anneal-
ing in O2 ambient. Oxygen annealing of implanted wafers
results in dislocations and oxidation-induced stacking
faults at high concentration in the case of Al implants.
The results of optical microscopy, TEM and PL have
been correlated and it is concluded that D-line lumines-
cence in PL spectra is due to dislocations. Contrary to
the idea that OISFs give rise to D1 and D2 lines in PL,
our results indicate their non-radiative nature in Si. We
have provided spectroscopic evidence of dopant precip-
itation during RTA of implanted dopant ions, even at a
concentration below the solid solubility limit, which has
been explained on the basis of fast diffusion of dopants
in the damaged region and trapping by extended defects.
XTEM analysis of dopant-implanted Si showed
B111\ oriented precipitates in N2 RTA-annealed Si,
while no defects were detectable for Si+-implanted Si.
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