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important is thc Cs sizc distribution in thc PL rccovcry 
proccss? 

ln arder to answcr thc abovc qucst ions wc havc undcr
takcn thc prcscnt work. With this aim wc h a vc implantcd 
Si into a Si02 film keeping the substrate at 600 °C, further 
anncalcd it at 1100 °( , forming thc Si Cs and inducing an 
intcnsc PL cmission. Furthcr, wc irradiatcd thc Cs 
quenching their PL emission. ln a sequencc we annealed 
the samples at 900 oc under different annealing environ
mcnts. ln addition, wc rcpcatcd thc abovc mcntioncd pro
ccdurc using dilfcrent implantation flucnccs in arder to 
inves tigate the influencc of the 1Cs size distribution on 
thc PL cmission rccovcry. lt should bc pointcd out that 
such samplcs, with two PL bands, are an intcrcsting probc 
to investigate the Si 1Cs PL emission mechanisms. 

2. Experimental 

A 480 nm-thick Si02 1ayer thermally grown on a Si( I 00) 
wrufer was implanted with 170 keV Si+ ions at ftuenccs of I 
and 3 x 1017 Si/cm2 providing a pcak conccntration profilc 
at around 240 nm dcpth with ini tial Si exccss of about lO 
and 30 at.%, respectively. The samples were implanted at 
600 °C and furthcr anncalcd at li Olll °C undcr 2 atmo
sphcrc in a conventional fmnacc in ordcr to nuclcatc and 
grow the Si precipi tates. As a rcS\Ilt, we have obtained sam
pies with di lfcrcnt Si Cs mcan sizc and distribution pro
files. Afterward, thcsc samplcs wcrc irradiatcd with a 
2 Me V Si+ beam at a nuencc of 2 x 1013 Si/cm2. Under 
such conditions thc original PL cmission was complctcly 
qucnchcd and thc Si Cs wcrc totally amorphizcd, as con
firmed by lhe TEM observations (not shown here). ln a 
next step, the as-irradiated samples were annealed at 
900 oc in 2 orAr atmosphcrcs. As will bc dcscribcd bclow 
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thc PL cmission was rccovcred, but with dilfercnt charac
teristics, when compared to lhe original one. 

PL mcasurcmcnts wcrc pcrfonncd at RT using a Xc 
lamp and a monochromator in arder to get a wavclcngth 
of 488 nm (2. 54 e V) as an excitation source. The resulting 
powcr dcnsity on thc samplcs was of 20 mW/cm2

. Thc 
cmission was dispcrscd by a 0.3 m singlc-grating spcct rom
eter and acquired with visible-near infrared silicon and 
I nGaAs cooled detectors. Ali spectra were obtained under 
thc sarne conditions and corrcctcd for thc systcm rcsponsc. 

3. Results 

3.1. N2 annealing atmosphere 

ln Fi.g. I we display the results for the nuencc 
1/J = I x 1017 Si/cm2

, whcrc thc PL spcctrum corrcsponding 
to thc as-implantcd and 1100 •c anncalcd s.amplc is shown 
(full square). As can be observed in the Fig. l(a), the PL 
distribution presents rwo bands, one ccntered at 780 nm 
and anothcr armmd I 000 nm. Thc Si irradiation pcrformcd 
at 2 Me V qucnchcd complctcly both PL bands. Thc subsc
qllcnl annealing performed at900 oc in 2 for 3.5 h brings 
as a conscqucncc a full rccovcry of thc original long wavc
lcngth PL band (open trianglc). Howcvcr, thc sarne does 
not occ~1r with the short wavelength region (below 
800 nm) as can bc obscrvcd in Fig. l(b), whcrc is shown 
thc rela tive PL intcnsity of irradiatcd samplcs normalizcd 
in relation to the original one. Further annealing for 
7.5 h incrcascs thc PL in tcnsiry of thc 1000 nm band by a 
factor of 2.5, but still fai lcd in rcaching thc original intcn
sity at the short PL band ( open circle)t. This is only 
achieved after 14.5 h of annealing time (open square). 
Undcr thcsc conditions thc intcnsity of thc I ong wavclcngth 
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Fig. I. (u) PLspcclrum of lhe LO x 1011 Si/cm~ implunlcdsumplc unnculcd ul I 100 •c for I h !• l und corrcsponding PLspcclru uflcr ürrudiulion followcd 
by 900 •c anneal in N2 almosphere al diflerenl limes; (b) relalive PL in lensily of normalized PLspcclra after the 900 •c anneal. Dash.ed line corrcsponds 
to lhe normaliwtion relation to lhe original PL spcctrum. 
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PL band is almost four times higher than the emittcd from 
the original sample - see Fig. I. Furthcr annealing times do 
not introd uce any modification in thc PL spectrum, indi
cating a satu ra tion effect. By fi tting both bands wi th Oauss
ian distributions (as dcscribcd in [7D wc wcrc ablc to 
observe that thc pcak positions of both PL bands did not 
S\Jffer any shift, indicating that the 900 oc post-annealing 
did not introduce any modification in the original Si 1Cs 
distribution. T his feature was confirm~d by TEM observa
tions (not shown hcrc), which shows that thc mcan sizc of 
thc nanocrystals (3 nm) and its FWII M distribution 
(1.6 nm) remains the same as comparcd with the non-bom
barded sample. 

The Si implantation at cp = 3 x 1017 Si/cm2 and further 
anncaling at I I 00 °C (not shown), prcsents t wo basic di flcr
cnccs wi th thc onc pcrformcd at I x 1017 Si/cm2• First, thc 
1000 nm band is relatively much higher than the 780 nm 
one (relation 40 to I as compared with 5 to I in the form er 
case). Second, the 1000 nm band suffers a significant red
shift of more than 70 nm. The Si bombardment quenched 
both PL bands, but thc 900 °C anncaling fo r 3.5 h rccovcrs 
both of thcm. H owevcr, at variancc of what was dcscribcd 
above and illmtrated in Fig. I, the long wavelength band 
shows a PL intensity that after 3.5 h of annealing is 2Qó/o 
higher than the original one, withotLI changing the peak 
position. T hc samc does not occur with thc short wa vc
lcngth band, whcrc thc original PL intcnsity is almost 
reachcd. Further annealing performcd at 7.5 and I 4.5 h 
brings as a consequence an increase of the PL intensity of 
both bands and saturation is reached again after I 4.5 h 
of anncaling time. Jt should bc mcntioncd that aflcr 7.5 h 
of anncaling time thc PL intcnsity of thc 780 nm band 
bccame higher by almost 4Qó/o as comparcd with the non-
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bombardcd sample. This is at variance with was observcd 
for the sample implanted at I x 1017 Si/cm2 

3.2. Ar annealíng a/mosphere 

ln Fig. 2 is shown thc PL spcctrum of thc as-implanted 
at cp = I x 1017 Si/cm2 and 1100 oc annealed sample (full 
square). ln the same figure are shown the corresponding 
PL spectra of the post-irradia ted sample submitted at dif
ferent annealing times at 900 °C in Ar. As illustratcd in 
Fig. 2, 3.5 h ofanncaling time induccs an almost full recov
ery of the long wavclength band, but lc lt well bclow the ori
ginal levei of the short wavelength band. The original PL 
intensity is obtained only for the Jong wavelength band 
a fler 5.5 h of annea ling time (opcn star) and after 7.5 h 
of anncaling (opcn circlc) this band rcachcs thc saturation 
regime. On the other hand, the original PL intensity of the 
780 nm band was ncver achieved even for longer annealing 
times. 

T he situation sligh tly changes for the sample implanted 
a t 3 x 1017 Si/cm2 (not shown) . Mtcr bombardmcnt and 
further anncaling for 3.5 h at 900 oc, the rcsult ing PL 
intcnsity of the long wavclength band becamc aro\md 
3Qó/o higher than thc original one with a significant redshift 
(arottnd 70 nm). A further annea li ng for 7.5 h induces a 
small PL intensity increase but longer annealing times did 
not produce any significant changc. On thc othcr hand, 
the short wavelength band never rccovers its original inten
sity. ln the present case, the ratio between the intensities of 
both bands after the 7.5 h of annealing was of order 40 as 
comparcd wi th the original sample where th is rela tion was 
I O ti mcs lower. 
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Fig. 2. (n) PLspcctrum of thc 1.0 x 1017 SVcm' 1mplnntcd snmplc nnn caled nt 11 00 •c for I h (• J nnd corrcsponding PL spcctrn nftcr irrndintion followcd 
by 900 •c ann enl in Ar atmosphere at diHerent limes; (b) rela tive PL intensity of normalized PL spcctra after lhe 90o•c anneal. Dashed line corr.:sponds 
to the normalization relation to the original PL spcctrum. 
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4. Discussiou 

As was ex tensively discussed in the literamre the 
luminescence emitted by Si 1Cs embedded in Si02 has 
been either attributed to recombination via quantum 
confinement effects o f carriers in the Si 1Cs ntJCiei or to 
recombination leveis localized at the nanocrystal-matrix 
boundary. 

Therefore, being clear the different behavio r of the two 
PL bands observe<! in the present work, we wi ll t ry to iden
ti fy the nature of their PL emission. 

As described in Section 3, we have done investigations 
with two different fluences, obtaining Si concentrations o f 
lO and 30 at.%, respectively. As a consequ ence the Si 

1Cs mean size was about 3 and 5 nm, respectively. With 
increasing implantation fluence the PL band at around 
1000 nm shows a significant redshift around 70 nm. This 
behavior characterizes the 1000 nm band as having its ori 
gin to quantum confinement effects . I n fact, it is predicted 
that with increasing Cs size the radiative transition 
decreases its energy and as a consequence increases its 
wa velength; feamre that is observe<! in the present 
experiment. 

On the other hand, despi te the variation of the Si 1Cs 
size produced in the present work, no shift has been 
observe<! for the band centered on 780 nm. This behavio r 
is characteri stic o f PL emission produced by radiative 
sta tes at the Si/Si02 interface as recognized previously by 
other a uthors [1,8- 11]. Therefore, we can conclude that 
both bands havc basically different origins, one band on 
qu anmm size effects and the other on radiative interface 
sta tes. 

ln what follows we are going to discuss the recovery o f 
the 1000 nm band. As was demonstra te<! above the effect o f 
the 900 oc thermal treatment after the irradiation process 
consists basically in annealing the damage inside and 
around the Si NCs already formed by the annealing at 
1100 oc. ln fa ct, we have performed experiments where 
I x 1017 Si/cm2 as-implante<! samples were annealed at 
900 oc and no PL signal was detecte<!, a s well as no 'Cs 
formation was observe<! by T EM analyses . On the other 
hand, it is known that anneal under 2 or .A.r atmosphere 
induce a release in the interfacial stress at the Si/Si0 2 inter
face. Since stress is known to affect the concentration and 
morphology of defects at the Si/Si02 interface [12), any 
change in the levei o f stress should be expected to influence 
the PL intensity. Then, concerning the behavior o f the 
1000 nm PL band, we attributed that its variation of inten
sity after the 903 oc anneal is (in addition to the Si 'Cs 
recrystallization) due to stress relaxation at the Si/Si02 
interface induced by the anneal atmosphere. 

Considering the I x 1017 Si/cm2 sample, the '2 o r A r 
envi ronments p roduce qualitatively the sarne effects, but 
different quanti lative results . ln fact, we have to point 
out two major differences. First, under 1

2 annealing atmo
sphere the samration regime is reached after longer anneal
ing times ( 14.5 against 7.5 h for Ar). Second, the samration 

levei of the PL intensity under 1
2 atmosphere is around 

twice the value obtained under Ar annealing one. The sarne 
feamres were observe<! for the highest implanta tion fluence. 

The dilferent behavio rs described above can be 
explained using the following arguments . lt is known that 
Ar is absolutely inert, then, an annealing under this atmo
sphere should induce a pure thermal relaxation. Therefore, 
it should only reduce the interfacia l stress at the Si 1Cs
matrix interface and conseguently, this effect should influ
ence the PL emission. 

On the other hand, although 2 is considere<! a rela
tively inert gas, it has been observe<! its reaction with Si 
at modera te temperatures (760-1050 oq forming ultrathin 
oxinitride films [1 3). Moreover, nitride passivation effects 
on the visible PL from Si 1Cs have been reporte<! [1 4]. 
Therefore, as claimed in [5), the presence of nitrogen con
tributes not only to reduce the inte rfacial stress but also 
to passivate the interfacial bonds. 

ln summary, concerning the PL emission o fthe 1000 nm 
band we can state that the post-annealing after irradiation 
brings beneficial effects by increasing the PL intensity with 
increasing lime. This is probably due to pure stress relaxa
tion in the Ar case and to the sarne relaxation plus to a 
proba bly surface passivation effect induced by a thin oxi
nitride film in the 1

2 case, both in addition to the Si 
1Cs recrystalli zation. 

Regarding the 780 nm PL band, we have attributed its 
ex istence to radiative interfacial states. lt is clear that Ar 
and 12 annealing not only recrystalli ze the Si 1Cs, but ais o 
rebuild in a not very efficient way the radia tive states a t the 
grain- matrix interface. This last feamre is revealed by the 
poor recovery of the PL intensity as compare<! with the 
results obtained with the I 000 nm band. 

ln conclusion, we think that we were a ble to answer the 
guestions that motivated the present work. First we have 
shown that the amount of PL recovery after the irradiation 
and further anneal is different for each band. lt is much 
more pronounced for the band around 1000 nm than rhat 
at 780 nm. Second, the 900 oc annealing envi ronment is 
more efficicnt under 1

2 than Ar atmosphere. Third, the 
1Cs size di stribution also has a very important role in 

the recovery process. The larger nanocrystals (long wave
length band emission) provide a PL intensity recovery that 
is much higher than the one induced by the small 1Cs. 
Finally, wc were able to deduce that the PL band at 
~ 1000 nm has its origin to guantmn confinement effects 
while the othe r has its origin at radia tive interface states. 
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