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Low-temperature photoluminescen@.) spectroscopy, in conjunction with transmission electron
microscopy(TEM) and optical microscopyOM) have been carried out to investigate the origin of
radiative recombination from various extended defects that evolve during high-temperature
processing of ion-implanted epitaxial silicon. From PL studies grahhealed samples, we provide
spectroscopic evidence of precipitation of the implanted impurities well below the solid-solubility
limit. This result is being supported by observations from secondary ion mass spectrometry and
spreading resistance profiling of the implanted ions. Cross sectional TEM analyses on these samples
reveal (111)-oriented precipitates located in a region containing a high dislocation density.
Postimplantation annealing in oxygen ambient results in the formation of dislocations and
oxidation-induced stacking faults(OISF). A systematic analysis of PL spectra on
different-implanted and preannealed samples, in conjunction with TEM and OM analyses, reveals
that the conventionally observed dislocation-related D1 and D2 lines in the PL spectrum is not a
characteristic of the OISF, but of the dislocations only. It is shown that the OISF acts as a
nonradiative channel for luminescence in silicon. Various other sources of nonradiative channels in
silicon are also presented and the efficacy of photoluminescence technique in the characterization of
process-induced defects in silicon is discussed.2@1 American Institute of Physics.

[DOI: 10.1063/1.1357464

I. INTRODUCTION studied® Defects induced by high-fluence ion implantation
and subsequent annealing usually show complex evolution of
With the advent of new materials and advanced processdefects depending on the details of the processing $tEps.
ing tools, steered by the stringent technological demandsxample, thermal history has been shown to play an impor-
there is an upsurge of interest in understanding the procesgant role in the evolution of process-induced defects in sili-
induced defects in semiconductors. In integrated device tecleon. A high cooling rate of the crystalline ingot was shown
nology, all the commonly adopted dopafésich as B, P, As, to result in high density of defecfsHigh temperature an-
and Sb are introduced by ion implantation for several ad- nealing is usually performed on implanted silicon to repair
vantages that this technique offers. However, the implantalattice damage and it enables electrical activation of dopants.
tion of energetic ions into semiconductors creates lattice deHowever, such processing gives rise to various secondary
fects that can have a dramatic influence on optical andlefects, of which, dislocations, stacking faults and impurity
electrical properties of the material. The formation and an{precipitates have drawn wide attention in the past due to
nealing kinetics of various point defects have been extentheir interference in device performance. Furthermore, for
sively studied for silicon. However, a thorough understand-deep diffusion of dopants in Si, very high temperature an-
ing of various processes of secondary defect formatiomealing is utilized. However, such thermal treatment is
resulting from postimplantation processing such as rapiknown to introduce surface defects specific to crystallo-
thermal annealindRTA), multistep annealing, and thermal graphic orientation and the type of impurity present in the
quenching is lacking in the literatute® In particular, the crystal® A coherent understanding of the optical and struc-
mechanism of impurity precipitation, outdiffusion, segrega-tural properties of these process-induced defects is essential
tion, and low electrical activation of dopants in epitaxially in order to make a potential use of defect engineering with
grown pure silicon with very low impurity content is less extended defects in silicon-based optoelectronic and micro-
electronic devices.
dAuthor to whom correspondence should be addressed; also at Dipartimento Photolum|r_1esceno(ePL) spectr_oscopy h.as been an .|nd|.s.—
di Fisica, Universita di Catania, Corso Italia 57, 95129 Catania, Italy; P€NSable tool in the study of optically active defects in sili-
Electronic mail: pkgiri@igcar.ernet.in con, for more than four decad®®L has been most success-
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fully used in studies of bound-exciton spectra of various1200 °C on preannealed or as-implanted wafers. The prean-
impurities in the crystalline Si, which gives rise to the char-nealing was performed in Nambient using RTA for 30 s
acteristic sharp PL spectra. However, relatively little isand 2 min, or furnace annealingrf@ h at atemperature of
known about the luminescence properties of the defects cre:200 °C. 2 min RTA process was performed in four steps of
ated by ion damage and subsequent annealing, which ofte30 s each with an interval of a few minutes in between for
give rise to broad featureless PL specftd There have cooling. For furnace annealing, the samples were inserted
been few attempts to identify dopant or impurity precipitatessufficiently fast in the tube of the horizontal furnace main-
in silicon from PL studies!'?while no definite peak assign- tained at 1200 °C and taken out at the end of 1 h, without
ments could be made from the previous studies due to lack allowing any extra time for slow heating or cooling. The PL
complementary techniques. Recently, ion beam synthesizadeasurements were carried out at 16 K using a closed cycle
B—FeS) precipitates in Si were found to exhibit the 1.54 He cryostat, and the luminescence was excited using Ar
um PLE3 laser tuned to 488 nm. The luminescence was analyzed using
Numerous studies have reported the formation of exa CVI spectrometer with a single-grating monochromator
tended defects such as dislocation and stacking faults in iorand a liquid-nitrogen cooled Ge diode detedfdorth Coast
implanted Si during thermal oxidation as a result of injectionwas used with a lock-in technique to record the signal. Be-
of self-interstitialst* The origin of the dislocation-related PL fore performing PL measurements, all oxidized specimens
bands(commonly referred to as D ling silicon has been were etched in a buffer hydrofluoric acid solution to remove
the subject of many detailed investigatidigdowever, there  the surface oxide layers. For OM studies, the oxidized wafers
exists controversy in the literature about the exact origin ofwvere at first etched in buffer HF solution to remove the oxide
several well known D-lines in PL spectrum, commonly re-layer and subsequently etched for 30 s in Schimmel
lated to dislocations and stacking faults in Si. For examplesolution®® In some cases, longer duration etching was per-
Peakeret al® reported the occurrence of D1 and D2 lines formed for observing the Epi-stacking faults. The extended
in clean oxidation-induced stacking faul®ISF, while no  defects and precipitates were also analyzed by cross sectional
D lines were observed by Higgst all’ in OISF, grown transmission electron microscofXTEM). The processed
under clean conditions. It is generally believed that the dissamples were mechanically polished to @ and subse-
locations decorated with impurities give rise to the wellquently ion milled at room temperature with 4 keV argon
known D1 and D2 lines in PL spectrum and the same idons. A JEOL 2010 TEM operating at 200 kV was used for
believed about OISF from studies on their optical and elecrecording the image. The chemical profile of the implanted
tronic properties®!° Hence, more systematic studies on theions was determined by secondary ion mass spectrometry
PL from dislocations and OISF are required to resolve suckiSIMS) with a 15 keV G primary beam. The rastered area
controversy. was 250250 um? and the diameter of the analyzed area
In this work, we have investigated the radiative recom-was 60um. The electrically active fraction of the implanted
bination properties of various extended defects that evolvé\l was determined by spreading resistance profiliS&RP,
during high temperature annealing of ion-implanted epitaxialising a SSM 150 instrument.
silicon. We use photoluminescen(@®l) spectroscopy, trans-
mission electron microscopyf EM), and optical microscopy
(OM) tecr_ml_ques t_o assess the nature of thg defects and thqy_ RESULTS AND DISCUSSION
characteristic luminescence properties, which are correlate
to their structural properties. In the nitrogen annealed?. Impurity precipitation during N, annealing

samples, we provide a spectroscopic evidence of impurity  rjgre 1 shows a typical set of PL spectra recorded at 16
precipitation occurring for impurity concentrations well be-  ¢or ‘Al *_implanted Si after postimplantation processing.

low the solid solubility limit. Studies on OISF and disloca- 1 spectrum(@ in Fig. 1 shown with dotted line is for

tions using complementary techniques, provide evidence thafqin silicon wafer, prior to any implantation or processing

the OISF acts as a nonradiative channel in the luminescencg, it displays several well known luminescence lines re-
of silicon, while isolated dislocations give rise to character-;5ta4 to intrinsic bound exciton transitions labeled asiT®
istic D lines in I?L sp_ec_trum. D|ffe_rent sources of extended—ro, and TA2L As-implanted Si shows a broad PL spectrum
defects and their radiative properties are discussed for the[fnarked(b)] in the range 0.73-0.93 eV and two relatively
mally processed wafers. sharp peaks at 9970l and 1018 meMW). The broad fea-
tureless peak is due to optical centers created by lattice dam-
age and it is found to be independent of the implanted spe-
Il. EXPERIMENTAL DETAILS cies. Conventionally observed other sharp peaks are absent
in the spectra due to low impurity content in the Epi-Si. The
The experiments were performed on phosphorous dopesharp line at 1018 meV is related to an intrinsic defect in
epitaxial (Epi) silicon layers of 60um thickness(p~70  silicon and is commonly known as W cenférThere is a
Qcm) grown on floating zone Si wafers. Different ions controversy regarding the exact identification of this defect,
(Al*, B, P", and Si") were implanted on the epitaxial Si as reports exist in favor of models involving vacancy type
layers at an energy of 80 keV and to a fluence of10'*  complexX® as well as interstitial type defect$?* However,
cm™ 2 using a 400 kV implantefHigh Voltage Engineering  our studies on depth profile and low-temperature annealing
The implanted samples were oxidized with dry for 1 h at  behavior of this defect are strongly suggestive of a small
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FIG. 1. PL spectra recorded at 16 K f@ virgin Epi-Si, (b) as-implanted  FIG. 2. PL spectra of Si implanted with 80 keVx10* ions/cnt of (a)
with Al* ions, (c) after RTA 30 s,(d) after RTA 2 min,(e) after 1 h furnace  Al*, (b) B¥, (c) P*, and(d) Si*, and subsequently 2 min RTA processed
annealing in N ambient. Spectra for virgin Si is plotted with dashed line to at 1200 °C in N ambient, showing precipitate-related broad péBk at
enable comparison after implantation and annealing. ~0.77 eV for all dopant implants.

cluster of self-interstitials. The other peak at 997 meV in Fig.

1 is found to be a phonon replica of the W line. Both theseence (1x10" cm™?) and RTA processed for 2 min at
lines disappear after annealing above 450 °Clféd and we 1200 °C. The peak labeled P a0.77 eV is common to all
have recently shown that W center is a tri-interstitial clusterdopant implants, while Siimplanted samples show a
of silicon broader peak at higher energy, as seen in c(dyef Fig. 2.

A comparison of spectra in Figs.(d), 1(c), and 1d) The occurrence of the broad peak(& ~0.77 eV} with
shows that with increasing duration of annealing, the TO-{dentical line shape and intensity for all the dopant implants
phonon related peak recovers to some extent due to graduialdicates a common source of luminescence. The observed P
recovery of the lattice damage. The spectrum for RTA 2 minline does not match with any of the D lines related to dislo-
annealed sample shows a well formed broad pé3kat cations. However, this peak was not observed for self-ion-
~0.77 eV with a full width at half maximuniFWHM) of  implanted samples. A relatively broader peak with mean po-
~52 meV. Amplitude of this peak reduces substantially aftersition at~ 0.97 eV can be observed with self-implanted Si
annealing fo 1 h asshown in Fig. 1e). In the RTA 30 s as shown in spectrum of Fig(d®.
annealed sample, a small increase in the TO-phonon related Note that the implanted impurity ions give rise to a peak
signal compared to as-implanted sample indicates partial arconcentration, which are well below the solid solubility
nealing of damage in RTA annealed sample. However, théimit of different species used. For example, the 80 keV Al
disappearance of the other features in lower energy part ofplantation at a fluence ofX1 10 cm™2 in Si gives rise to
the spectrum may be attributed to the nonradiative centera peak concentration of 3<710' cm™2 as shown in Fig. 3,
introduced in Si during RTA process, as has been noted imeasured by SIMS analysis. Figure 3 also shows the Al pro-
the literaturé® The absence of the peak P in Figcjlalso  file after 1 h annealing at 1200 °C which exhibits a sharp
denotes that RTA of 30 s duration is insufficient to create thepeak coincident with the implanted Al profile, though a large
defect responsible for broad peak-a0.77 eV. fraction (~65%) of the implanted Al outdiffuses and another

The occurrence of broad PL spectra is often related tdraction diffuses beyond the projected range owing to its ex-
the presence of macrodefects such as defect clusters in ttremely high diffusivity?® However, spreading resistance
crystalline matrix’ While the nature of the defects respon- profiling of the annealed samples showed that the Al in the
sible for such broad ban@B) PL is not clearly established peak region is not electrically actiusee the dotted line in
in the literature, it is well known that various broad PL bandsFig. 3). This indicates that the Al is precipitated in the an-
can be present in the bulk silicon after electron irradiationnealed sample having a peak concentration~df.6x 108
ion implantation, or reactive-ion etchif§To isolate the ori- cm™ 2 at the mean projected range. From Fig. 3, it is seen
gin of the broad peak P in Fig.(d), we have studied PL that beyond a depth of2.5 um from surface, all the Al are
spectra from different implanted and similarly processecklectrically activated giving rise to a p-type conductivity
samples. Figure 2 shows the PL spectra for Si samples imand an-p junction is formed at a depth 0f5.3 um from
planted with Al", B*, P*, and Si ions with identical flu- the surface. However, at the present annealing temperature
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FIG. 3. SIMS profile of the implanted Al in Si before and after annealing at
1200 °C. In the annealed sample, electrically active fraction of the implanted
Al is shown with dotted line for comparison with SIMS profile, implying

precipitation at the peak location. . . T .
nucleation sites, a heterogeneous precipitation process is ex-

pected to occur even below the solid solubility limit. In a

high temperature process involving fast heating and cooling
(1200 °Q, the solubility limit for Al in Siis 210 cm . (as used in the present case, both for RTA and furnace an-
For B and P implants, the solubility limit is even much nealing, precipitation is likely to occur due to the thermal
higher than the maximum concentration of implanted ionsquenching effect as wellThis idea is supported by the fact
Therefore, precipitation of impurities in the present case apthat precipitation was found to occur everr fb h furnace
pears to be unusual. annealing process as evidenced from Fige) land Fig. 3.

The solid solubility limit for impurities is well docu- Defect formation due to the use of high heating and cooling

mented in the literature for silicon. However, it applies torate in conventional furnace has been reported to occur in
thermal-equilibrium conditions that are not always fulfilled virgin silicon3! Therefore, we believe that both mechanisms,
under several processes, viz., processes involving high rampiz., the trapping at extended defects and thermal quenching
ing rate of temperatures. In the present case, since the pealefffect, contribute to the formation of precipitates even for
was found to evolve after 2 min RTA, it is believed to result concentrations below the solubility limit of different dopant
from the defects formed due to the dynamics of damage arimplants. The broad PL peak P results from strain surround-
nealing and the redistribution of the implanted dopants. Noténg these precipitates.
that the absence of the broad peak in the 30 s RTA sample On the other hand, self-ion implantation gives rise to
can be related to partial annealing of the damage and insuéxcess silicon interstitials and the extended interstitial chains
ficient diffusion of impurities to form required precipitates may form during annealing for a high fluence. The interstitial
for PL to occur. We believe that the implanted dopants formdiffusivity in Si is known to be very high even at room
precipitates in the damaged region during RTA as a result ofemperature which is consistent with their fast migration and
fast diffusion in the damaged layer and trapping at the exextended defect formation. However, the RTA produces a
tended defects grown during the first stages of annealinglistribution of these defects such that they experience an
Note that the 2 min RTA was performed in four steps of 30inhomogeneous environment and this is believed to result in
s each. Dopant precipitation ahead of the movinga relatively broad peak. For higher-temperature annealing, a
amorphous/crystalline interface during epitaxial crystalliza-chain of these defects may align to produce{t8&€l} defects
tion has been reported to occur as a result of higher diffusivwhich occur primarily due to the clustering of the
ity of the dopants in amorphous &iTherefore, the forma- interstitials®? It is most likely that the broad peak in self-ion-
tion of precipitates in the damaged layer, even atimplanted Siis due to small chains of interstitials which are
concentrations below the solubility limit is most likely not detectable with TEM. We have observed that this BB
caused by the fast diffusion of implanted impurities and trappeak in the spectra appears with low intengitpt shown
ping at the damage/crystalline interface. These precipitatefr 1 h annealed samples.
are expected to disperse for longer duration annealing. Fig- The structure of the defects in these RTA annealed
ure 3 shows that the residual concentration of precipitated Abamples was further investigated by cross sectional TEM
in annealed samples is sufficient to cause the observed Pinalysis. Figure 4 shows a bright-field XTEM image of Al
signal. It should be noted that due to high thermal nonequiand Si -implanted Si after RTA2 min) annealing. For the
librium condition created during processes involving highAl"-implanted sample, the presence of a band of precipitates
ramp up and ramp down of temperatures, precipitation ofiear the surface region is clearly identified which are pointed
impurities is favored. In particular, in the presence of defectwith arrows. The precipitate sizes are in the range of
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~10-25 nm. It is interesting to note that these precipitates [
are nucleated at the dislocations, clearly visible with elon- | 1200°C, 1 hr O, annealing
gated linegin Fig. 4(a)] oriented along111) direction. This
may indicate that Al trapping in dislocations is responsible
for efficient precipitatior’> even below solubility limit.
Thus, a heterogeneous precipitation can indeed occur even
below solid solubility limit. The observed Al precipitates
were found to be oriented alod@11 planes which is con-
sistent with the reported resufts. These precipitates are
present both at the end-of-range as well as in the region of
ion damage. Note that in spite of the presence of dislocations
in these samples, no D lines could be detected in the PL
spectra of Fig. 2. It might indicate that the presence of pre-
cipitates acts as a nonradiative channel for D-line lumines-
cence. For other dopant implants such ds Bimilar struc-
ture of precipitates are found, but with relatively lower !
density of dislocations. However, implantation with self-ions [ (a) A ]
does not yield any detectable concentration of dislocations. I e ]
This difference can be explained in the following way. Self- )
o . . o : 0.7 0.8 0.9 1.0 1.1 1.2
ion implantation produces excess interstitials, and in the ab-
o : o> : - Energy (eV)

sence of impurity trapping, majority of the interstitials re-
combines with vacancies, resulting in a faster recovery of thg|c. 5. PL spectra of different ion-implanted and oxygen-annealedasi:
damage during annealing, and thus a reduced density of ex", (b) B, (c) P*, and(d) Si* ions. D1 and D2 refers to commonly
tended defects. In contrast, implanted dop4etg., A) may denoted di§location relate_d D linéat 0.810 eV and 0.875 eV, respectively

L . . . Surface oxide layer on Si was etched before the PL measurements.
form complex with ion-induced defects and during postim-
plant annealing such complexes dissociate and release de-
fects necessary for the formation of extended defects. In casgeal bandgap of~0.4 eV, would correspond to a strain

of Si implants, the size of the chains/clusters may be very ;| e (Aa, /ag) of ~3% according to the model of Ref. 28.
small to be detectable by conventional TEM analysis. They gimilar BB peak at 0.78 eV has been observed by Buy-
occurrence of a higher energy peaioser to TO phonon-  ,n0y4 and co-worke?in p-type modulation doped Si layer

related peak in crystalline Bin PL than that of impurity grown by molecular beam epitaxyBE) where ion damage
precipitates, signifies that the residual damage and stress [$;s involved.

very low with self-ion implants. Therefore, observations
from PL and TEM analysis are fully consistent. S ) . .

Dopant precipitation phenomena have been observel: Oxidation |ndu_ced stacking faults and dislocation
during RTA processing of arsenic-implantedSor during related photoluminescence
lamp annealing of antimony-implanted SiPL studies on Figure 5 shows a set of PL spectra for Si samples im-
oxygen precipitated or antimony precipitated Si also showegblanted with different ions and subsequently annealed in dry
similar broad peak''? In all these cases, it has been ob- O, for 1 h. In case of Af-implanted Si, the spectrum is
served for impurity concentrations above the solid solubilitydominated by a sharp peak at 0.810 d&beled D) and
limit. In the present case, the origin of broad PL signal caranother relatively weak peak at 0.875 €sébeled D2. The
be explained on the basis of a recently proposed modgleak at 0.810 eV is common to all spectra in varying inten-
which takes into account the effect of local strain fields sur-sity, due to different implant species. The peak at 0.810 eV is
rounding the extended defects such as precipitates, plateledsie to the well-known dislocation-related D1 line, and the
etc., where electrons and holes can be localized in potentigeak at 0.875 eV is ascribed to the dislocation-related D2
wells. It was estimated by Weman and co-work®that a  line.X® In case of Si implants, D1 line is relatively broader
compressive strain field around the extended defects, reduesth a higher energy shoulder and the TO phonon related
ing the lattice constant by about 3% is sufficient to reducepeak (at ~1.12 e\ attains very high value comparable to
the band gap locally by as much as 0.3 eV. In the preserthat of virgin Si. This latter feature in Siimplanted samples
case, the precipitated region is highly strained and there exndicates that sufficient damage recovery or annealing of
ists a size distribution that results in a broad peak in the Plnonradiative channels occurs during annealing in oxygen
spectrum. The measured FWHM for the spectrum of Figambient. It may be caused by the annihilation of excess va-
1(d) is 52 meV. This linewidth is expected to decrease forcancies in Si due to the injection of self-interstitials during
higher temperature RTA processes due to the formation abxidation. PL studies on preannealéd N, ambien} and
more uniform precipitates. However, annealing foh re-  oxidized samples show a complete suppression of D lines as
duces the density of such precipitates as seen by the presengell as TO phonon-related signal, in spite of the presence of
of a weak PL signal. To make an estimate of the local strairdislocations and OISF in low concentration. This indicates
around these precipitates from the measured peak position tiiat defects induced during preannealing act as a nonradia-
BB, the peak at-0.77 eV which refers to a change in the tive channel to PL in Si.

PL intensity (Arb. units)
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Dislocation related D1 and D2 lines have been exten-
sively studied in literature and is believed to result from
bound-to-bound transitior!s. D1 and D2 lines have been
reported to occur in ion-implanted Si, heat-treated Czochral-
ski (C2) Si, etc. During the oxidation of silicon, a large
concentration of silicon interstitials is injected in the silicon
matrix at the Si—SiQ interface due to change in volume
ratio of Si and SiQ.'* The lattice damage induced by im-
plantation acts as a nucleation site for the formation of ex-
ter.]de(.j defeCt.S such a.s dislocations ar.]d sFackirjg faults durirLgG. 7. Comparison ofa) PL spectra,(b) XTEM images, and(c) OM
oxidation of Si. A relatively strong D1 line in Al-implanted images(magnificationx 200), showing the effect of preannealiiy200 °C,
and oxidized silicon indicates that the formation of disloca-RTA 30 g before oxidation, on extended defect formation irf Anplanted
tions and stacking faults were enhanced in case of Al comSi.
pared to other dopants such as B or P. A comparative study
of the optical micrographs shown in Fig. 6 reveals a high
density of dislocations and OISF in Aimplanted sample,
while it shows Epi-stacking faults for'Rimplanted sample. Al*-implanted samples oxidizedrfd h at1200 °C, without
Therefore, the absence of D line if Amplanted case is due any preannealing or with preanneali@TA 30 s in N, am-
to the presence of stacking faults and the strong D line in Plbien}. It is clear that while D1 and D2 lines are identifiable
spectrum of Al -implanted sample refers to the fact that D1 in a sample without the preannealing, no D1 and D2 signal
line originates from the dislocations, not from stackingcould be detected in the preannealed sample. Note that the
faults. Furthermore, TEM analysis ori fmplanted and oxi- upper curve in Fig. @) is shown magnified10x), but does
dized Si does not show any detectable density of dislocarot show any detectable signal, including the TO phonon
tions, while optical microscopy shows Epi-stacking faults forrelated peak. Fig.(®) shows XTEM image of the above two
P*-implanted Si. Therefore, it can be concluded that D1 andsamples. Al-implanted samples oxidized without prean-
D2 lines originate from dislocations, only. On the othernealing, show high density of dislocations, while prean-
hand, OISF acts as a nonradiative channel in the luminesiealed samples show negligible dislocations. This observa-
cence of silicon, contrary to the belief that OISF exhibitstion again affirms that D1 and D2 lines are directly related to
similar D-line luminescence. This is perhaps related to thelislocations. This idea is further complemented by OM stud-
fact that experimentally it is difficult to form OISFs without ies on the above two samples, as shown in Fig). 7t is
the presence of isolated dislocations, as one structure is tlevident that the OISF densities are approximately equal
basis for the other. Moreover, the stacking fault lines arg~1.5x10° cm™?2) in both the cases, while the dislocation
usually bounded by dislocations at two ends. Thus, the pregdensity is negligibly small in preannealed sample. This
ence of D1 line in PL spectra is commonly related to OISFclearly establishes that OISF acts as a nonradiative channel
rather than dislocations, when both of them are present iim photoluminescence of silicon. It is believed that decora-
oxidized Si*® However, our results unambiguously show tion of impurity in dislocation is necessary for observing D1
that OISF is a nonradiative center in silicon luminescence. and D2 lines. The presence of D lines in"Smplanted

To clarify further the origin of D1 and D2 lines in this samples implies that the unavoidable contamination in the
case, in Fig. 7 we compare the results of preannealing on Plhigh-temperature processirfguch as from furnace tupés
XTEM and OM data. Figure (3) shows PL spectra for sufficient to detect D-lines luminescence from dislocations.

as-implanted RTA 30 sec

RTA 30 sec
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TABLE I. Effect of N, preannealing on the density and length of OISF and [T T T
the density of dislocations in oxidized Epi-Si implanted with"Abns.

 Furnace 1hr+Oxidized A (e) 1

Preannealing (N Density of Length of Density of [
before oxidation OISF (c?)  OISF(um) dislocations (cm?) - [\

[ RTA 2m+Oxidized

[ RTA 30s+0xidized M

No 1.5<10° 12 10.5¢ 10°
RTA 30 s ™>10° 8 <10
RTA 2 min 2x10° 12 <10t
Furnace 1 h X 10° 12 <10

In Table | we summarize the results on the optical mi-
croscopy observations of OISF density, OISF length, and
dislocation density with different preannealing before oxida-
tion. The results indicate that nucleation sites for the OISF
growth reduces considerablprders of magnitudedue to [ Oxidized /\‘J|
preannealing in Bl ambient. However, the residual defects - I
act as a nonradiative channel for PL and the TO phonon - Control "

PL intensity (arb. units)
3

______ e N {9)]
related peak, affected by these defects. Preanneling for 1 h -" L ,\ . .T. T
before oxidation of Si-implanted Si, leads to the survival of 0.7 0.8 0.9 1.0 1.1 1.2
sufficient dislocations in comparison to OISF as seen by Energy (eV)

OM. We correspondingly observe D1 line in PL spectrum

for1 h preannealed Siimplanted sample but not for other FIG. 8. Effect of annealing ambient on the PL spectra from virgin Epi-Si.
’ .(a) Virgin Si, (b) oxygen annealed at 1200 °C for 1(tixidation, (c) RTA

implants. This again strengthen_s the _argument that D1 ”n_e 30 s followed by oxidation(d) RTA 2 min followed by oxidation, ande) 1
not related to OISF, but rather intrinsically connected to dis+ furnace annealing followed by oxidation. Preannealing jnalbient in
locations. each case is shown to introduce nonradiative channels in Si.

Both the dislocations and the OISF give rise to deep
electronic levels in the band gap of Si. In particular, the
density of states for OISF has a broad distribution in com-
parison to the discrete levels introduced by dislocatfofd. . . . . .

: ) intensity of TO phonon line as shown in spectra of Figs),8

The absence of well-defined levels in case of OISF may b Y P P ds)

responsible for the lack of features in PL spectra. The defec (@, qnd §¢). This 'mp"¢s _that high te_mpe_r_ature annealing

. : . . in N, introduces nonradiative defects in silicon. In fact, PL
levels induced by dislocations and stacking faults are knowrr]‘neasurements on.Nannealed virain Si without the oxida-
to act as a carrier recombination center affecting the electrit-. N treatment. sh f/v d complet g bsen £ TO phonon si
cal properties severely and these deep lying levels are u:sdpI eatme t,' S ofteh cdo pt_e N i;}e ceo i plto' Ot zg'
ally nonradiative in nature. Hence, the nonradiative nature oPatSa':fstpic Ve o el' uration o ; € ar(;neg:t:nrg]]_. h IS tobe
the OISF is consistent with their electronic properties. weg'0ted that the blannealing was performed with high ramp-

observed a relatively strong D1 signal in case of Al implantsIng of temperature. We believe that thermal stress and un-

compared to other dopants. D2 line intensity is negligiblyavo'dable contamination from furnace tube are likely to be

small in case of all implants except for Al. This indicates anresponsible for introducing nonradiative channels in silicon.
enhanced defect formation in Aimplanted silicon. This Defects introduced by RTA process are known to reduce the

may be due to the fast diffusion of the Al in silicon and carrier Iifgtime in_ silico_n an_d these defects have been l_JsuaIIy
formation of defect-impurity complexes. related with the |mpur|t!e§ in the.cryst%TI.From' OM studies

on preannealed and oxidized unimplanted silicon, we found a

small but detectable concentration of stacking faults, which
C. Other sources of nonradiative channels in may be related to unavoidable contamination by impurities.
annealed silicon Furthermore, it is well known that the oxidation of Si causes

In order to make a comparative study on the role ofinjection of self-interstitials;’ whereas high-temperature ni-

annealing ambient in defect introduction in virgin silicon, trogen annealing is likely to inject vacancies in the bulk sili-
virgin Si samples were annealed in either oxygen or preancon. It is well established that the bulk silicon contains ex-
nealed in nitrogen and subsequently annealed under oxyg@ess vacancies at thermal equilibridDuring oxidation,
ambient. This enables us to isolate the sources of radiativijected interstitials can easily recombine with the vacancies
and nonradiative channels in silicon. Figure 8 shows a Plleading to reduced vacancy concentration in silicon. How-
spectra for virgin sample and annealed samples treated undever, during nitridation, injected vacancies are likely to form
different ambient gases. From spectra in Figs) &nd 8b), bigger clusters of vacancies in the bulk due to the absence of
it is clear that oxidation at 1200 °C does not introduce anyinterstitials. However, the stable vacancy clusters have been
nonradiative channel in silicon. On the other hand, when theredicted to be optically inactiv€. These vacancy clusters
samples are preannealed in nitrogen ambient for differeninay be responsible for the reduced peak height in PL
duration and subsequently oxidized, various nanradiative designal*® Hence, vacancy type defects are likely to be nonra-
fects are introduced and they are responsible for the lowdiative channels for silicon to suppress PL in siliédn.
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