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ABSTRACT 

The annealing behavior of silicon implanted Si02 layers is studied using continuous and time- 
gated photoluminescence (PL). Two PL emission bands are observed. A band centered at 560 nm 
is present in as implanted samples and it is still observed after 1000 "C annealing. The emission 
time is fast (0.2 -2 ns). A second band centered at 780 nm further increases when hydrogen 
annealing was performed. The emission time is long (1 ps - 0.3 ms). 

INTRODUCTION 

Ion implantation is a promising technique for producing silicon nanocrystals (Sinc) in a 
dielectric matrix. The basic idea in this approach is to enrich by ion implantation the silicon 
concentration in a dielectric matrix. Subsequent thermal annealing can promote the formation of 
crystalline precipitates having nanometric dimensions. Ion implantation which is a '  well 
established technique in microelectronics, presents some extra advantages: the control of the 
depth and width of the region of Si,, formation, and the possibility to implant different ions in 
different substrates. 

Photoluminescence (PL) from Si, produced by ion implanation has been reported by 
several authors [l-41. Shimizu-Iwayama et aL [2] presented data of room temperature 
luminescence from 1 Mev Si' implanted fused silica. Komoda et aL [3] observed a band centered 

. at 600 nm, and a red shift that was interpreted as due. to an increase in the size of S&.. The 
observation of near infrared and blue-green light emission in Si@ layers implanted at 1 x lo1' cm' 

In spite of the many investigations, a complete study of the kinetics of formation of the 
two emission bands as a function of different preparation conditions, and of their emission times 
has not been performed. This study could provide a better understanding of the physical 
parameters which influence the luminescence mechanism. At the same time, this can also be of 
pratical interest to improve the PL intensity in view of possible optoelectronics applications. To 
address some of these issues, in this paper continuous and time-gated PL studies of Si' implanted 
Si% layers were performed starting from as-implanted samples. 

EXPERIMENT 

and annealed at high temperature (T>lOOO "C) has been reported by some of us [4- 61. 2 

Samples were prepared by implantation of 160 KeV io2 
layers thermally grown on a (100) oriented p-type Si substrate. Fluences ranged from 3 x 10l6 
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cm-’ io 3 x IO” cm-2 . Vacuum annealing was performed in a high-vacuum chamber (10‘’ torr) 
and the samplc was mounted on a rcsistivcly heated tantalum foil. Gas annealing was donc in a 
fumacc using high purity gascs. In the casc of hydrogen annealing a 15% Hz , 85% Ar mixture 
was used. 

Photoluminescence nieasurcmcnts were performed using 464 nm excitation light from an 
excimer pumped dye laser. Emitted light was detected using an intensified charge couplcd device 
(ICCD) detector. Nanosecond time-resolved spectroscopy was performed using a mode-locked 
krypton ion laser oscillating at 413 nm (sec (71 for details on the experimental apparatus). 

RESULTS AND DISCUSSION 

Figure 1 represents photoluminescence 
(PL) spectra for samples implanted at different 
doses ( 3 ~ 1 0 ’ ~  - 3x10” cm-2) and annealed for 
30 min. at 1000 “C. Two bands are observed: 
a green-blue band peaked at 560 nm, and a 
near-infrared one centered at 780 nm. This 
latter is observed only for an implantation dose 
higher than 1x10’’ crn-*. which corresponds to 
a Si excess in the implanted region higher than 
5 % at.. PL intensity at 560 nm and 780 nm 
for sample implanted at 2 x 10” cm-* after 
annealing at different temperatures for 30 min. 
is reported in fig. 2a. The intensity of the 560 
nm band increases as a function of the 
annealing temperature up to loo0 “C. A band 
centered around 780 nm is detected only after 
annealing at lo00 “C was performed. The 
near-infrxed band grows for increasing 
annealing time (see Fig. 2b). 
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Fig.1. PL intensity for samples implanted 
at different doses and annealed 30 min. 
at 1000 “C. 
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Fig. 2. Effect on PL intensity of annealing temperature (a). and time (b) for sample implanted at 2 x IO” cm’2. 



To study the effect of hydrogen, a 
sample prepared by implanting at 2x10" cm-* 
fluence and annealed 30 min. at lo00 "C, was 
subsequently annealed in Hz atmosphere at 
500 "C. The intcnsity in the near-infrared 
spectral region increases after hydrogen 
annealing and saturates after about 3 hours 
annealing, whereas the PL intensity for the 
blue-green Light remains almost the same (see 
Fig 3). The temporal evolution of the PL 
signal was studied using time-gated 
spectroscopy. In the case of sample implanted 
at 1 x 1017 cm-*and annealed 30 min. in argon 
at lo00 "C, for very short time gates (0-0.5 ns, 
2-5 ns) after the excitation pulse PL emission 
is peaked around 510 nm (see Fig. 4a )- For 
the sample corresponding to an implantation 
dose of 2 x lOI7 cm-* and annealed under the 
same conditions, the fast component is shifted 
at a longer wavelength, while a longer 
component appears (Fig. 4b). 
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Fig. 3. Effect of hydrogen annealing 
on PL intensity at 780 nm. 

Gated PL spectra for this sample on a longer time-scale are shown in F i g 5  For gates of 1 
ps - lops the emission is centered at 750 nm. When the time gate is increased the PL emission is 
centered at a longer wavelength (800 nm when the gate is in the range 10 ps - 0.3 ms). 

The observation of a green emission band in Si implanted Si02 layers has been reported 
by several authors [3,4-61. Present data show that it is present in as implanted samples, it 
increases as a function of the annealing T up to 1OOO "C, and the emission time is very fast. An 
emission around 600 nm and related to defects (twofold coordinated Si a t o m  bonded to two 
oxygen atoms) is observed in Si02 (8.93. However these defects are characterized by radiative 
times of the order of ps [9]. 
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Figd Nanosecond time-resolved gat& spectra for samples hplanted at 1 x 10i7(a), and 2 x 1017 cm-2 and 
annealed at IO00 "C. 
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[ 121. Moreover Si clusters are more influenced 
by the presence of non-radiative centers at 
their surface [ 12, 131. The behavior observed 
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Fig.5 Gated spectra for sample 
corresponding to 2 x lo" cm-* 
dose for different time gates. 

which shows analogies with organosilane 
chemical compounds [ 151. 

Present results could be therefore consistently explained assuming that after implantation 
in the Si-rich region corresponding to the end of range Si extended defects having such a 
molecular-like stucture (chain or ladder) are formed. These structures can act as radiative sites. 
Since the radiative times for the emission at 560 nm are fast, the luminescence intensity is not 
influenced by non-radiative processes which are usually characterized by capture rates of the 
order of ms [ 163. This may explain why the intensity is not affected by hydrogen annealing. While 
based on annealing behavior both small silicon clusters and Si-chain or ladder structures can be 
responsible for the 560 nm band, the fast lifetime and the insensitivity to annealing atmosphere 
(argon, nitrogen, hydrogen) seem to indicate that the latter are the most probable candidates. 

Near infrared light is observed only after annealing at high temperature and for 
implantation doses higher than 1 x 10" cmS. After implantation a Si-rich S i a  (SO,, x d )  is 
produced, Si excess depending on the dose. If annealing temperature is raised to (or above) IO00 
"C SiO, becomes unstable [ 17, 181 and Si precipitates are known to be formed [ 19-21]. This is 
supported also by several TEM showing the presence of Si nanocrystak inside the SiOz matrix 
[3,4,]. Therefore the observation of a red band is related with the formation of Si precipitates 
(although not necessarily related to a recombination within the SL). The observed annealing time 
behavior (see Fig. 2b), is consistent with a Ostwald ripening process (disappearence of smaller 
precipitates and formation of bigger ones). 

Finally the observed emission times for the near-infrared light (from l p  to 0.3 ms) are on 
a timescale comparable with that of non-radiative recombination processes. Centers like Si 
dangling bonds can represent important non-radiative channels. Lannoo et al. 1131 showed that 



even few Si dangling bonds can compleiely quench the PL emission from a Si,. Since hydrogen 
is known to passivate the Si-Si02 interface [22, 231, the improvement in PL intensity, aficr 
hydrogen annealing (fig.3). can be explained assuming that passivation of Si dangling bonds at 
the Si,,-Si02 interface is taking place. 

CONCLUSIONS 

Two cmission bands are detected in Si02 layers implanted with Si’ ions at doses of 3 ~ 1 0 ‘ ~  cm-’ - 
3 x 10” cm-*. The frrst centered at 560 nm is present in as-implanted samples, increases its 
intensity as a function of the annealing temperature, and it is characterized by fast emission (0.2-2 
ns). A second band around 750 nm is detected after lo00 “C annealing was performed. The fast 
emission time and the annealing behavior suggest that the green emission is related to extended 
defects, while the near-infrared light is related to the presence of silicon precipitates. 
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