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its origin. With thi s aim we have unde rtaken the present 
experiment where we smdy the PL behavior as a function 
of the Si implantation fluence. ln addition, we have a lso 
investiga ted the influence of the high-temperature anneal­
ing time on the behavio r of both PL bands . lt should be 
mentioned that severa] studies have given contradictory 
results concerning the effect of the annealing time on sam­
pies implanted at RT [17- 20]. 

2. Ex1>crirnental 

A 480 nm-thick Jayer thermally grown onto a Si( I 00) 
wafer was implanted, keeping the substrate at 600 °C, wi th 
170 keV Si ions at fluences of (0.35, 0.5, I, 2, 3 and 
4) x I 017 Si/cm2 resulting Si concentrations in a range 
between 3 and 40 at.%. Samples were further annealed at 
1100 oc for I h under 2 atmosphere in a conventional 
furnace in order to nucleate and grow the Si precipitares. 
To investigare the effect of the annealing time on the PL 
emission, samplcs implanted wi th fluences of I x 1017 to 
4 x 1017 Si/cm were annealed from I to 15 h. PL measure­
ments were performed at RT using a X e Jamp with a mono­
chromator, in order to get a wavelength of 488 nm (2.54 e V) 
as an exci tation source. The emission was dispersed by a 
0.3 m single-grating spectrometer and collected with a visi­
ble near- infrared Si detector and an lnGaAs cooled one. Ali 
spectra were obtained under the sarne conditions and cor­
rected for the system response. ln order to characterize 
the morphology of the samples, T EM measurements were 
performed using a 200 keV JEOL microscope. 

3. Results 

3.1. PL as afunction of the implantation.fluence 

ln Fig. I are shown rhe PL spectra of samples implanted 
between 0.35 x 1017 and 4 x 1017 Si/cm2 and post-annealed 
at li 00 °C. The inset of thi s figure illustrates detai ls of the 
PL region corresponding to the wavelength interval 
between 650 and 950 nm. An inspection of the figure shows 
severa] inte resting features. First, for the lowest implanta­
tion fluence only the band cente red at 780 nm appears. Sec­
ond, the shape of the PL spectra noticeably changes wi th 
increasing implanted Si fluence. From 0 .5 x 1017 Si/cm2

, it 
can be clearly distinguished two PL bands: one centered 
at 780 nm and a new one at around 1000 nm. The first 
band increases its intensity wi th the fluence up to 
<P = 0.5 x 1017 Si/cm2 and then decreases, wi thout shifting 
its position - sec inset. On the other hand, the second PL 
band (/, ~ 1000 nm) increases its PL signal continuously 
up to <P = 3 x 1017 Si/cm2 and then decreases by almost 
3Qó/o, showing a strong redshift wi th the increasing 
implanted fluence. 

ln order to guantify the intensities ofboth PL bands and 
their positions, we have filled the PL spectra with two 
Gaussians, fol lowing the sarne procedure applied in [1 6). 
The results presented in F ig. 2 show that the peak centered 
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Fig. I. (a) T ypical PL spectra of samples implanted at 600 •c with 
dif.lerent f.luences and subsequently annea led at 1100 •c for I h and (b) 
insert correspc·nds to the spectra shown in (a) expanded in the wavelength 
region of 650- 950 nm. 
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Fig. 2. (a) PLpeak intensities and (b) positions as a function ofthe fluence 
for samples implanted at 600 •c and annealed a t 1100 •c for I h. / 1 and /2 

represent the peak in tensities for the short and the long wavelength PL 
bands centered a t the positions .!1 and .!2, respectively. 

at ). = 780 nm, slightly changes the intensity (/1) with its 
position U t) remaining a lmost constant with the implanta­
tion fluencc. Therefore, in what follows, we will concen-
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F"~g. 3. (a) Scoond p<V: PL ink'mrl!y a u:l (h) pamlian õL'I a fund icm af lho ;mnaling ti!M pcrfClltltCd al llOO"C S:l r llomtplell imphnlcd at600"C v.i!h 
diffcrcnt flucn:cll. 

t rate our attc ntion on thc bcha.,ior of thc long wavclcngth 
h:on rl l n 17ie ?(u) iH ti .. l"'lll}"t'fl l h t"t"Wlllll io n n r lh t' PL 1"11"4lk 
intcnsity (/2) of this band as a fur.c:tion of lhe impl!tntcd 
flucncc. As q uotcd abovc it inc:rc.as:s its intcnsity wilh lhe 
flucncc rc.aching a maximum at 4i • 3 x IOii Si/c.m2. Con4 

ccrning th: PL pcak position (k), it suffcrs a notic:cablc 
rcdshift wilh lhe flucnc:c, c.~hanging from 8SO to 1100 nm ­
S<C Fig. 2(b). 

3.2. PL as a j 1uta ion of the arJ-:eali::g time 

ln this scc:t ion wc rcporl lhe rcsults of lhe I'Lcvo lution 
wih thc anncaling time for sampl:s impl.antcd at 600 OC 
wih d iffcrcnt fl ucno:s from 4> • I X I O" to 4 X tO" Si/ 
c:.m2 a nd post .-annealed al II00°C. ln Fig. 3(a) one can 
obser ve thal for lhe samplc impl.anLcd a t I X IOii SVcm2 

th: PL intensity inc:.rcascs wilh lhe anncaling time, but aftc r 
6 h iL sho\I.'S a tendem .. )' to s atura li>J n. On the oth:r hand, 
th: sample impl.anted wilh 3 X I 017 Si/c m2 prescnts an ini 4 

t i!t lly more intensc PL signal, whic.~h after 2 h of post4 

annealing dccreascs a nd remain~ almost c:o nsta nt for 
lon,t,~ r a nncating times. 'f he sarne bcha.,ior is obscrvcd 
for lhe lwo other impla nted fluenccs, but wilh a lowcr PL 
signal ( lP = 2 x I 017 SVc.~m2 is nol S:.1own ). ln Fig. 3(b) are 
plottcd lhe rcsJXc:.tivc pcak positioos as a func:.tion of lhe 
annealing lime. For lhe I x t017 Si/cm2 fl uenc:c, the PL 
pcak rnsition cvo lulion sho\I.'S a rcêshift followcd by a tcn4 

dency of saturat ion a ftcr 6 h, which is lhe sarne kind of 
bcha.,ior as lhe one ob>crvcd in f ig . 3(a). Howcvcr, for 
th: olher fluenccs one can ob>ciVe a slightly rcdshift up 
to 4 h followcd by a fl uc:.tua tion in the PL pcak position 
for th: longcr annealing limes. 

R.cgarding lhe I BM anal}·scs, lh: as4 impl!tnted samples 
havc shown no indbttion of NOs fonnalion, e.,cn for 
impla nWlion temtxra tures as high u 800 OC. ln agrccment 

wih I BM obscr vatiom , no PL signal was obwincd in this 
t •.;t."lt' 

ln Fig. 4(a) and ( b) a re displ!tycd the rcsults of his to 4 

gratrn obwincd from I EM ana lyscs c.-orresponding to R. ' l' 
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and 6000C impla nw.tions for samples a nnealed for I h. ln 
lhis figure are reprc:scntt'd lhe mcan sizc d i.amelc r and the 
NCs sizc d istribution as a func:lion of the impl.anW.lion flu 4 

cncc. lt is oll>crvt'd tlut hol impl.antt'd samples prc:scnt la r4 

t,l(:r nanoc.T}·sw.ls \\ith a broader sizc d islribution as 
c:o mpared wilh lhosc produccd by R:f impl.anW.lions. 

'f he results of lhe prescnt sludy, pcrfonnt'd by Si 
impl.anta t ions wilh the SiOz su!Etra te kcpt al 600°C, a re 
al vari.anc:c \\ith was pre.,iously publisht'd in the litc ralure 
for ltf impl.anW.lions. For lhe lowcsl impl.anw.tion fluence, 
wc havc obscr vcd mainly one PL band centercd a t 780 nm. 
'fhis fealure c:o uld bc auributt'd to the low c.xcess Si in the 
m:ttri.x (3.5 a t.'%). Howevcr, for fluenccs higher lhan 
tfJ = 0.5 X I 017 atk m2

, clcarly appcar s a scc:o nd PL band, 
\\ith higher intensity and c:cntered al a round 1000 nm 
whic.~h was nc:vcr obscrvcd bcfore. Rcgarding lhe bcha .. i or 
of lhe 780 nm PL band, it was obscrvcd lhal its intcnsity 
dlangcs \\ith the impl.anta lion fluencc, but its position is 
almosl indepcndent of the Si cxc:css c:o nccntration. ln t,l(:n4 

era I, pre .. i ous works on Si NCs produc:cd by R'f Si impl!tn4 

Wlions in Si0 2 m:ttri.x havc only obscrvt'd one PL band 
around 780 nm. ' fhe abtcncc of a PL reds.hift for lhis band 
\\ith incrcasing fluenccs was reporled in (3) in c:o ntrasl wilh 
lhe results of ( lO, 13), whic:h demonstratc a PL redshift wilh 
lhe fluencc. Our results are clcarly in agrcement wilh thosc 
of (3), sinc:c no c lun,t,l(: in the 780 nm PL position was 
obscrvcd. ' fhesc contradic:.tory results could bc d ue to 
non4 1inear c ffcx:.ts in the PL cmission prodoccd by lhe use 
of high laser cxdta tion powcr densities on the samples as 
<kmol\itra ted in (16). ' fhus, conccrning lhe 780 nm 
( ...... 1.6cV) band, its orig in can bc altributt'd to radia tivc 
sw.tcs al the SVSiOz intcr fac:c . ' fh is assumption is d ue to 
lhe fac.l its PL pcak position is nol affec:lt'd by c lun,t,I(:S in 
lhe Si NCs si..r produccd by lhe different hol impl.antt'd flu 4 

cnccs or anncaling times. 
' fhe 780 nm PL band bchavior can bc c.xpl.aint'd on the 

follo\\ing basis. ' fhere a re in lhe literalure ab initio calc:.u4 

l!ttions [2 1,22) indic:ating lhal OX)'t,l(:n a toms al the inLc r4 

face Si/Si0 2 can ac:.l as c:.hart,l(: trapping centcrs by 
shrinking lhe band gap bclow lhe Si NCs one. 'f hen, radi4 

ativc rccombinalion of clec:lrons, holes and cxdtons could 
w.kc plac:c in lhis region. ' fh is c ffec:l has bccn sho\\n more 
pronounccd for Si NCs wilh smaller d i.amelers ( <2 nm) 
(23). Ali carriers lhal c:o uld rec:o mbine radi.!t livcly wilh 
cmitting cnergies abovc 1.6cV are caplurt'd in thesc c:cn4 

ters and lheir c mission appcars a t the sarne cnc rgy of the 
inter face sta tc. Wc assume thallhe PL intc lliily red oc.tion 
of this s horl wavd englh band \\ith the impl.anta tion flu 4 

cncc sta rts to oc:c:.ur when lhe rccombina tion cnergies of 
carriers a re lowcr lhan the cnergy of the radialivc interface 
sw.tc . 

Conc:crning the PL band located allhe long wavcleng lh 
side, the PL pcak redshift by inc:.reasing the impl.anta lion 
fluenc:c indicatcs tlut its origin is rela tt'd to quantum con4 

finement c ffec:ts. ln fac:.l, by ' f BM analyscs wc havc 
obscrvcd thal the mcan si..r and lhe d ispcrsion of lhe Si 
NCs inc.TCasc wilh the impl!tnW.lion fluencc as wcll as the 
anncaling time. Ho t impl.anW.lions c:.rcate prec:ursors ( pre.­
nuclcation centcrs~ for lhe nanoc.T}·sw.ls allo\\ing them, 
when submittt'd al hig her tcmpcralurcs, to nud eatc fonn 4 

ing, conscquenlly, l!trt,l(: r and more d ispcrscd NCs when 
compared to RI impla nta tions, as illustra ted by Fig. 4. 

' fhe PL intensit y reduc:.tion obscrvcd for lhe highest 
impl.anta lion fluencc, Fig . 2(a), and for the fluenc:cs hig her 
than I x 1017 Si/c:.m 2 a ftcr 2 h of anncaling time, Fig. 3(a), 
could bc c.xpl.aincél by the follo\\ing argumcnt. ' fhe PL 
c ross scc:t ion for absorption carne from lhe produc:.l of 
the osd lla tor strcng lh of the tra lli iLions and lhe clec:lron~ 

densily of sw.tes (24 ). ' f his prodoc.l is a func:.tion of lhe sizc 
of the NCs and both tcnns works in oppositc d ircc:.tion as 
the nanoparlid es s i7.c c.~han,t,I(:S. Conscquently, there is an 
oplimum sizc for which lhe cmittt'd PL has a m:tximum. 
' f'hen , iL is vcry likc 'ly that a ftcr cer w.in fluencc or a nnealing 
time the optimum si..r of the d istribution ovcrcomes and, 
conscquenlly, lhe rcsulting PL inLcnsity <kcrcascs. ln addi4 

tion, wc cannol dis:rcg.ard the influe1u of lhe Si NCs radi4 

a tive lifetime, whiéh depcnds on lhe nanotxtrticle sizc and 
its interfacc q u.ality. Largcr Si NCs having lon,t,l(: r radi.!ttivc 
lifclimes (24) are al.so more likcly to conw.in non4 radi.!t livc 
rccombination centcrs (14). 

Conc:crning the s hift wilh lhe a nnealing lime of lhis PL 
band, as shown in Fig. 3(b) the only case where it can bc 
obscrvcd a d ear t rend is for the sample impl.antt'd a t 
I x 10 17 Si/c:.m2 whi.c:.h shows a significant PL pcak rcdshift 
wilh increasing annealing time up to 6 h, followcd by salu 4 

r ation. Au:.ording to quantum confi ncmenL cffec:.ts lhis 
bchavior is in agrccment to lhe Si NCs growlh \\ith lhe 
anncaling time. Ho wcvcr , for the higher flueno:s lhe PL 
pcak eo.·o lution sho ws floc.lua tions without a definitc ten4 

denq •. Wccan assome lhalthe nanoparticles plao:d in the 
center of lhe matrix , where is the Si highest cxo:ss, could risc 
abovc a c.Titic:al sizc for which lhere is lhe possibitity for 
non4 assistt'd phono n transitions. Simult.aneously, sm:tller 
nanoparti c:.les .,..;11 grow and .,..;11 cmit al d ifferent wavc.­
lengths, rcmaining o pl t.:ally ac.tivcs. Sinc:c the sizc dislribu4 

tion of lhe nanopar.t ides is not unifonn (Gauss:ia n), lhe PL 
cmission spcc:lrum v.ill changc its ma.ximum and lhis bchav­
ior could bc respoosible for the floc.lua tions in the sccond 
PL pcak intensity and position after the fi rsl hours of 
anncaling for the h ig her flueno:s as obscrvcd in Fig. 3. 

ln summary , wc havc invcstigatt'd the fluenc:c and 
anncaling lime cffed on lhe Si NCs PL produccd by hol 
impl.anta lions into ;Si02• Such approadl induccs the for m:t 4 

tion of l.argcr Si NCs wilh broader sizc d islributions as 
compared to lhosre fonnt'd by RI impla nts. Wc havc 
s hown the PL spcd ra are composcd by two PL bands, 
whic:h are strongly influenccd by lhe s tudit'd paramelers. 
lhe main cond usio n of lhis work is lhal whilc the shorl 
wavclenglh PL band las itsorigin rela ted to radia tive intc r4 

face sta tcs, lhe lon,t,l(: r one is d ue to rec.'Ombination via 
q ua ntum confinem<:nt c ffec:ts. 
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