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ABSTRACT

Silicon implanted and annealed Si07 layers are studied using photoluminescence (FL) and positron annihilation spec-
troscopy (PAS). 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. A second band centered at 780 nm is detected after
1000°C annealing. The intensity of the 780 nm band further increased when hydrogen armealing was performed. The emis-
sion time is long (1 is to 0.2 ms). PAS results show that defects produced by implantation anneal at 600°C. Based on the
annealing behavior and on the emission times, the origin of the two bands is discussed.

Introduction
Visible light emission from silicon based nanostructures

has attracted interest since the observation of lumines-
cence from porous silicon (po-Si).1 Alternative methods
have been proposed to produce silicon nanocrystals (SiJ:
plasma deposition from silane,2 gas evaporation,3 and ter-
mination of a glass-melt reaction.4 The use of po-Si pre-
sented many problems in pratical applications (instability
of light emission with spontaneous oxidation,5 fragile
mechanical properties), and the other techniques were
found inappropriate for the production of integrated
devices. The production of silicon nanocrystals using ion
implantation in glass could overcome most of the problems
encountered to obtain room temperature visible lumines-
cence from silicon based devices. The choice of a glassy
matrix reduces self-absorption problems and improves
mechanical and thermal stability.

Shimizu-Iwayama et al.5 presented data of room tem-
perature luminescence from 1 MeV Si implanted fused
silica. They observed a band around 620 nm (green band)
ascribed to defects inside silica and a second one around
730 nm (red band) which was related to the presence of Si
nanocrystals. In particular, they proposed that the lumi-
nescent center is at the Si,-SiO7 interface. Komoda et al.7
observed a band centered at 600 nm in low fluence
implanted samples and a band at 800 nm in samples
implanted at higher fluences and annealed for longer time.
They interpreted this behavior as a red shift related to an
increase in the size of silicon nanocrystals. Mutti et at.5 in
160 keV Si implanted Si07 layers observed a distinct
green light emission on sample implanted at 1 >< io' cm7
and annealed at high temperature (T > 1000°C). A near-
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nfrared light emission band was detected in high fluence
implant (at 3 >< 1017 cm7 dose). The same authors, in pre-
liminary time-resolved measurements, showed9 that the
two bands have very different emission times, the green
band being characterized by fast (0.4 to 6 ns) while the
near infrared band has slow (>250 ns) emission times.

In this work we report photoluminescence (FL) and
positron annihilation spectroscopy (FAS) studies of silicon
implanted Si07 layers prepared under different conditions
(dose, temperature, and atmosphere of annealing). Con-
tinuous and time-gated FL measurements were performed
starting from the as-implanted samples. It is shown that a
560 nm band, present in as-implanted samples, increases
its intensity for increasing annealing temperatures and is
still observed after a 1000°C annealing. The 780 nm band,
detected only after 1000°C annealing, depends on the
annealing conditions and it increases its intensity if an
atmosphere containing hydrogen is used. PAS is used to
study the kinetics of defects annealing. This technique is
based on the fact that positrons implanted into the mater-
ial rapidly thermalize and annihilate with electrons.
Gamma rays emitted after the annihilation carry informa-
tion about the annihilation site. This information is
extracted, when Doppler broadening measurements are
performed, by analyzing the broadening of the annihila-
tion peak due to the nonzero momentum of electrons.1°
Slow positron beams now available allow a nondestructive
depth profiling of materials, by changing the positron
implantation energy. In particular the technique has been
extensively used to study the Si-Si07 system."13

An investigation of the kinetics of formation of the two
emission bands as a function of different preparation con-
ditions and of their emission times could provide a better
understanding of the physical parameters which influence
the luminescence mechanism. At the same time, this can
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also be of pratical interest to improve the PL intensity in
view of possible optoelectronics applications. Moreover,
since the observation of red and blue-light bands presents
striking similarities with the emission from po-Si, Sir.
produced by implantation could also help to clarify the
physical process responsible for the light emission in po-
Si. In fact, in spite of the many theoretical and experi-
mental studies this mechanism is still not clear.

Experimental Work and Results
Samples were prepared by implantation of 160 keV 26Si

ions into 430 nm thick 5i02 layers thermally grown on a
(100) oriented p-type Si substrate. Fluences ranged from 3
x 1016 cm2 to 3 )< i0' cm2. Vacuum anneals were per-
formed in a high-vacuum chamber (10-v Torr) and the
sample was mounted on a resistively heated tantalum foil.
Gas annealing was done in a furnace using high purity
gases. In the case of hydrogen annealing a 15% H2, 85% Ar
mixture was used.

Photoluminescence measurements were performed
using 464 nm excitation light from an excimer pumped
dye laser. Emitted light was detected using an intensified
charge coupled device (ICCD) detector. Figure 1 represents
photoluminescence (PL) spectra for a sample implanted at
a dose of 2 x i0' cm2 and after 500 and 700°C vacuum
annealing for 30 mm. On the as-implanted sample a broad
band around 550 to 600 nm is observed. The intensity of
this band around 560 nm increases as a function of the
annealing temperature up to 700°C. No band around 750 to
850 nm is detected below 1000°C. To check the effect of
annealing gas, annealing in Ar, N2, and H2 were also per-
formed. Up to 700°C the PL spectra did not show any dif-
ference for different annealing atmospheres. A band cen-
tered around 750 nm is detected only after annealing at
1000°C was performed (Fig. ld). This near-infrared band is
observed only for samples implanted at fluences higher
than 1 X 1017 cm2 (see Fig. 2). To study the effect of hydro-
gen, a sample prepared by implanting at 2 >c 10' cm2 flu-
ence and annealed 30 mm at 1000°C, was subsequently
annealed in H2 atmosphere at 500°C. Figure 3 shows PL
spectra for sample annealed in argon and after 30 mm
hydrogen annealing. The intensity in the near-infrared
spectral region increases after hydrogen annealing and
saturates after about 3 h annealing.

The two PL bands are characterized by very different
emission times. Figure 4 presents gated PL spectra for
sample implanted at 2 X 1017 cm2 and annealed 30 mm in
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Fig. 2. P1 intensity for samples implanted at different doses and

annealed for 30 rein at 1000°C.

argon at 1000°C. The green emission is characterized by
short emission times, about 2 ns. For gates of 100 ns to
1 Iss, the emission is centered at 650 nm. When the time
gate is increased the PL emission is centered at a longer
wavelength (750 nm for a gate of 1 to 10 p.s, 800 nm when
the gate is in the range 10 Is to 0.3 ms).

PAS measurements were performed in an ultrahigh vac-
uum chamber. The beam intensity was 5 x 101 e and in
each measurement 106 counts were accumulated. The
Doppler broadening of the annihilation line was measured
with an HPGe detector-based gamma spectroscopy sys-
tem. The broadening was characterized using the line-
shape parameter (S-parameter), defined as the area of a
fixed region (1.59 keV wide) in the center of the annihi-
lation peak divided by the total area of the peak.'° S-para-
meter measures the sharpness of the annihilation peak,
namely, sharper peak produces a higher S-value. Positron
S-parameter depth profiles for an unimplanted layer, for a
sample implanted at 2 X io' cm2 dose, and after subse-
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dose for different time gates after the loser pulse.

quent annealing at 700 and 1000°C, are reported in Fig. 5.
The upper x-axis represents the mean implantation depth
calculated with the relation: z = AE°/p where E is the
mean implantation energy, p the SiO, density, n = 1.6, and
A = 4.0 jig cuf' keV". In the region corresponding to the
oxide layer the S-parameter decreases after implantation.
The behavior in the region corresponding to the range of
Si (240 nm) mainly reflects the Si excess produced by
implantation and was discussed elsewhere.'4"° The anneal-
ing behavior at a mean depth of 75 nm is reported in Fig. 6.
The unimplanted S-value is recovered after annealing at
600°C. A decrease in S-parameter for SiO, layers and a
recovery of preimplant conditions at 300°C was observed
in x- and gamma-rays irradiated SiO, by Khatri et al.,'2
and related to nonbridging-oxygen hole centers (NBOHC).
This defect is reported to anneal below 300°C.'2'16 Fujinami
and Chiltont7 reported, in B implanted SiO, a low S-value
and a recovery at 600°C. They discussed which defect can
be a trapping center for positrons and concluded that it
may be a peroxy radical. An identification of this defect
detected by positron is not attempted here. We simply

Depth [am]

Fig. 5. S-parameter as a function of the positron implantation
energy for unimplanted, as implanted, and annealed sample. The
vertical line represents the Si-SiO, interface, the upper axis the
mean implantation depth.

make use of the fact that damage induced by implantation
is recovered at 600°C.

Discussion
The observation of a green emission band in Si implant-

ed Si02 layers has been reported by several authors."4'6-9
Shimizu-Iwayama et at.' in 1 MeV Si implanted SiO,
observed an intensity decrease after thermal annealing at
600°C which lead them to relate this band to defects inside
a Si-rich SiO,. PAS results reported in Fig. 6 show that the
low. S-parameter related to defects created during
implantation, recovers the unimplanted S-value after
annealing at 700°C. This is in agreement with the anneal-
ing behavior described in Ref. 6. However the PL emission
around 560 nm is still detected (see Fig. 1). This is consis-
tent with results reported by Mutti et at.,' and Komoda
et al.7 who reported that the green band is stable after
annealing above 12 00°C. We discuss this discrepancy later.

Defects that are possible candidates for a green emission
in SiO, are twofold coordinated Si atoms bonded to two
oxygen atoms." These defects are characterized by radia-
tive times of the order of is,' and their number decreases
as a function of the annealing temperature. The observa-
tion of the same band after 1200°C annealing,7" and the
fast decay time seem to exclude that this band originates
from the point defects mentioned above. Present results
could be explained assuming that after implantation in
the Si-rich region corresponding to the end of range
extended defects like clusters or chain of silicon 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 nonradiative
processes which are usually characterized by capture rates
of the order of ms.'° This may explain why the intensity is
not affected by hydrogen annealing. Kanemitsu et at.2'
reported that linear or ladder structures of Si atoms can
give a luminescence signal in the spectral region around
500 nm and they have radiative times of the order of ns,
while cubic silicon clusters have radiative times of the
order of ms.22 Moreover Si cluster are more influenced by
the presence of nonradiative centers at their surface.22'23
While based on annealing behavior both small silicon
clusters and Si-chain or ladder structures can be responsi-
ble for the 560 nm band, the fast lifetime and the insensi-
tivity to annealing atmosphere (argon, nitrogen, hydrogen)
seem to indicate that the latter are the most probable can-
didates. The previous arguments can help to discuss why
using MeV implantation no green band was detected6
while if the implantation energy was in the key range a
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green emission stable at 1200°C was observed.71 In fact, at
a fixed dose, the local Si concentration decreases as a
function of the implantation energy, and therefore, if MeV
ions are used, a dose of 2 x 1017 cm2 are possibly not high
enough to produce Si structures after implantation. The
behavior observed for the green light emission presents
some similarities with results recently obtained by
Augustine et al.24 on amorphous silicon oxynitrides pro-
duced by plasma-enhanced chemical vapor deposition.
They reported a fast (less than 10 ns) green emission which
does not depend on annealing atmosphere and which
shows anologies with organosilane chemical compounds.25

The near-infrared band is observed only after annealing
at high temperature and for implantation doses higher
than 1 x 1017 cm2. After implantation a Si-rich Si02
(SiO, x < 2), is produced, the Si excess depending on the
dose. When the annealing temperature is raised to (or
above) 1000°C SiO, becomes unstable.2627 Si precipitates
are known to be formed depending on the local level of
supersaturation, thermal history, and annealing time.23°
Transmission electron microscope observations made on
present samples showed the presence of Si nanocrystals
inside the Si03 matrix having average dimensions of 5 nm.8
Similar results were obtained by Komoda et at.7 Therefore,
the observation of a red band is related with the formation
of Si precipitates (although not necessarily related to a
recombination within the Sjne). When the annealing time
was increased the intensity of the red band increases with
respect to the green one (Fig 1, d and e). This is consistent
with an Ostwald ripening process in which smaller Si
structures disappear and bigger ones are formed. If a diffu-
sion-controlled growth is assumed, increasing the anneal-
ing time from 30 mm to 5 h at 1000°C would change the
mean radius from 4 nm to 7 to 9 nm.18 Accordingly, if the
near infrared emission comes from recombination inside
Si,,, we would expect a wavelength shift. Such a shift is not
observed (see Fig. 1, d and e).

The near-infrared emission is characterized by times
from 1 p.s to 0.3 ms. These values are similar to those
obtained for porous silicon.31'32 In the case of the near-
infrared band the temporal scale is comparable to that of
nonradiative recombinations, hence centers like Si dan-
gling bonds can represent important nonradiative chan-
nels. Lannoo et al.23 showed that even few Si dangling
bonds can completely quench the PL emission from a Si,,.
The intensity increase, observed after hydrogen annealing
(Fig. 4 and 5), can be explained based on this point. As a
matter of fact hydrogen is known to passivate the Si-Si02
interface.33'34 A similar mechanism can be effective in the
case of the Si,,-SiO2 interface too.

Conclusions
Si02 layers implanted with Si ions at doses of 3 X 1016

to 3 x 10 cm2, were studied under different annealing
conditions. Two emission bands were detected. The first,
centered at 560 nm, is present in as-implanted samples and
does not change appreciably for different annealing atmos-
phere. A second band, around 750 nm, is detected after
1000°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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