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The photoluminescence (PL) emission of Si nanocrystals synthesized by 400 keV Si ion implanted in SO is
studied as afunction of ion dose and annealing time. The formation of nanocrystals at around 600 nm from the
surface was confirmed by RBS and HRTEM, and the Si nanocrystals showed a wide and very intense PL
emission at 700-900 nm. The intensity of this emission showed a typica behaviour with a fast transitory
increase to reach a saturation with the annealing time, however, the red shift increased continuoudy because of
the Ostwald ripening. The oversaturation of dose derived a decrease of PL intensity because of the
diminishment of quantum confinement. A strong enhancement of PL intensity by H passivation was confirmed

aso, and the possible mechanism is discussed.
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Introduction

Bulk Si crystal does not emit photol uminescence because
of its indirect band gap. But strong visible photolumine-
scence is observed from Si nanocrystals in SO, So they
are potential candidates for S compatible light emitting
devices. Si nanocrystals can be fabricated by severa
methods. lon implantation method is one of the most
versatile methods. Implantation of Si buildsup excessSiina
matrix, and subsequent therma annealing forms Si
nanocrystal by precipitation. This technique can form
nanocrystals in mechanically robust and chemically stable
matrix. And it allows for some control over nanocrystal size,
digtribution and depth. It also has disadvantages. energetic
ions produce radiation damage in silica, and the Gaussian
concentration profile produced by implantation resultsin a
broad size digtribution for Si crystalites. But the defect-
related luminescence! can be reduced by subsequent
anneding.

Light emission is known to be associated with the pre-
sence of S nanocrystals, but its origin remains contro-
versial.®1° Recombination of excitons within the nanocrystal
itself+1% and defect recombination in the Si-SIO; inter-
face®™® are pleaded as the origin of light emission. Addi-
tional annealing in hydrogen-rich environment enhances the
photoluminescence from nanocrystals because of the passi-
vation of non-radiative defects by the hydrogen. %18

In this study, the formation of nanocrystals was verified by
TEM and RBS. And photoluminescence of Si nanocrystals
aong to various S doses and anneding conditions was
measured to study the optical property of S nanocrystals.
Hydrogen passivation effect on the PL intensity enhance-
ment was studied as well.

Experiments

400 keV Si* ions were implanted on 0.4 mm thick fused
silica plates (Sanwa, Japan) at room temperature. Electron

supply system was used to eiminate the damage caused by
the charging effect of insulator samples during implantation.
The implanted doses were varied from 2.0 x 10 Si/cm? to
4.0 x 10 Si/cm?. The depth profile of Si was simulated by
Sim2003 code and measured by RBS analysis. The
implanted samples were annealed at 1100 °C in Ar environ-
ment to form S nanocrystals, and the annealing times were
varied from 1 minute to 8 hours. The samples anneadled at
1100 °C for 2 hours were annealed once more at 500 °C for 1
hoursin Ar + 4% H, forming gas to verify the enhancement
of PL intensity by hydrogen passivation.

Cross-sectiona HRTEM (CM-200, Philips) was used to
verify the size, distribution and crystality of Si nanocrystals.
Photol uminescence spectra were collected at room temper-
ature with 250 mwW 488 nm Ar laser, a grating spectrometer
and GaAs photomultiplier tube. And standard lock-in detec-
tion techniques were used to enhance the signal-to-noise
ratio.

Results and Discussion

RBS analysis. Figure 1 shows the profile of Si concen-
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Figure 1. Estimated depth profile of 400 keV S ions simulated
with Srim2003.



526 Bull. Korean Chem. Soc. 2004, Vol. 25, No. 4

1000 -
fe Vergin SiO,

8001 W 4x10"" Sijem?
v 600 1
i)
L
> 400

200 A

Depth : ~600nm
0

500 1000 1500
Energy [keV]

Figure 2. RBS spectra of 400 keV S implanted SiO, and virgin
SiO..

tration simulated by Srim2003 code. It has a peak near 550
nm with 250 nm FWHM. The 4.0 x 10" Si/cm? dose
implanted sample was analysed by RBS, and it shows excess
Si peak near 600 nmin Figure 2. The Si concentration at the
peak is measured to be about 45 at.% (concentration of
excess S = 17.5 at.%) by RBS, which agrees well with the
simulation result.

HRTEM analysis. A 200 keV HRTEM was performed on

HRTEM for the sample implanted with 4 x 10" Si/cm? dose and
annealed at 1100 °C for 4 h.
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Figure 4. Size distributions of Si nanocrystals implanted with (a)
4 x 10" Sifem? and (b) 2 x 10" Si/cm? doses and annealed at 1100
for4h.

the samples implanted with 2 x 10'” Si/cm? and 4 x 10" Si/
cm? doses and annedled for 4 hours at 1100°C. A cross-
sectional TEM image of 4 x 10" Si/cm? implanted sampleis
shown in Figure 3, which confirms the formation of nano-
crystals. The distributions of nanocrystal size were measured
from this image, and the mean size of nanocrystals was 3.1
nm with 2 x 10%" Si/cm? dose and 5.2 nm with 4 x 10'" Si/
cm? dose as shown in Figure 4. The size of Si nanocrystal
increased and the profile of size broadened as the dose of
implanted Si increased.

Photoluminescence. Annealing times were varied from 1
minute to 8 hours. The PL spectra of the samples implanted
at 2 x 10% Si/cm? and 2 x 10" Si/cm? are shown in Figure 5.
In the as-implanted state, photoluminescence centered at
around 650 nm was observed which was diminished remark-
ably within 1 minute annealing. It is believed to arise from
defects introduced into the SIO, matrix during the implan-
tation procedure and to be eiminated with annealing.’®
Annealing at 1100 °C gave rise to the formation of S
nanocrystal, and strong PL peaked at around 800 nm was
observed. The PL intensity increased with the annealing
time and had a maximum at 2 hours annealing, and saturated
or slightly diminished after 2 hours as shown in Figure 6. As
PL intensity is known to be proportional to the total volume
of Si nanocrystal,? this result indicated that the volume of
nanocrystal increased until 2 hours and remained at a fixed
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Figure 5. PL spectraof Si nanocrystalsimplanted with (a) 2 x 10
Si/em? and (b) 2 x 10" Si/cm? dose and annealed at 1100 °C.
Annealing time was varied 0 to 8 hours.
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Figure 6. Peak emission intensity as a function of annealing time
for implantation dose of 2 x 10 Si/cm? and 4 x 10Y Si/cm?.

value after 2 hours.

In the case of PL wavelength, the center of peak shifted to
longer wavelength with annealing time as shown in Figure 7.
When the annealing time increased over 2 hours, the red
shift increased continuously although the intensity did not
increase. It showed that the total volume fraction of
precipitates was constant but the their size increased because
of Ostwald ripening.?
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Figure 7. PL wavelength as a function of annealing time for
implantation dose of 2 x 10'® Si/cm? and 4 x 10% Si/em?,
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Figure 8. PL wavelength as a function of implantation dose for
annealing time varied 10 to 480 minutes.
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Figure 9. PL spectra of common Si nanocrystal and hydrogen
passivated one.

PL intensity increased with dose and reached maximum at
2 x 10 Si/lem? as shown in Figure 8. When the dose
increased to 4 x 10Y Si/cm?, size of nanocrystals increased
so much so that the distance between surfaces of neighbor
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Figure 10. Passivation-induced enhancement of PL emission as a
function of emission wavelength.

nanocrystals reduced less than 1 nm. And PL intensity
decreased because quantum confinement was diminished by
tunneling effect or interference between nanocrystals.® On
the other side, the PL peak was shifted to red with Si dose
because of the increase of the size.

Hydrogen passivated samples annedled at 500 °C for 1
hoursin Ar + 4% H, gas showed stronger PL intensity than
norma Si nanocrystal as shown in Figure 9. The enhance-
ment by the hydrogen passivation increased monotonically
with increasing wavelength (Fig. 10). Since longer wave-
length emission is characteristic of larger nanocrystds, the
data in Figure 10 are consistent with a disproportionate
increase in the emission from lager nanocrystals following
passivation. This implies that the passivation enhancement
was induced by elimination of non-radiative defects on
volume or surface area of nanocrystals because the number
of defect is proportiona to square or third order of
nanocrystal diameter.’8

Conclusion

The S nanocrystals has been synthesized in fused silica
plate by S implantation and its formation was confirmed by
HRTEM. A strong nanocrystal-based PL emission in 700-
900 nm was observed. The size of nanocrystal increased
with increasing annedling time and implantation dose.
However, the total volume of nanocrystals got to constant
after 2 hours annealing, and the intensity of PL decreased
with extremely high dose because of the reduction of the gap
between nanocrystals. A strong enhancement of PL intensity
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by H passivation was measured, and the enhancement is
thought to be induced by the elimination of non-radiative
defects on the volume or the surface of nanocrystas. In
addition to this work, a time resolved PL decay will be
measured to clear prove the enhancement mechanism. And
non-thermal nucleation and low-energy implantation tech-
niques will be tried to produce narrower size distribution
than in the case of conventional implantation and thermal
technique.
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