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Abstract. A possible mechanism for the photoemission from Si nanocrystals in an amorphous
SiO, matrix fabricated by ion implantation is reported. We have measured the implantation dose
and the temperature dependence as well as the oxidation effect of the photoluminescence behaviour
of Si nanocrystals in Si@layers fabricated by ion implantation and a subsequent annealing step.
After annealing, a photoluminescence band, peaking just below 1.7 eV was observed. The peak
energy of the photoluminescence was found to be affected by the dose of implanted Si ions and the
temperature during ion implantation, but to be independent of annealing time and excitation photon
energy. We also present experimental results of an oxidation-induced continuous peak energy shift
of the photoluminescence peak up to around 1.8 eV. This peak energy, however, was found to return
to its previous position with re-annealing. These results indicate that whilst the excitation photons
are absorbed by Si nanocrystals, the emission is not simply due to electron—hole recombination
inside the Si nanocrystals, but is related to the presence of defects, most likely located at the
interface between the Si nanocrystals and the, Si@ which the characteristic energy levels are
affected by cluster—cluster interactions or the roughness of the interface.

1. Introduction

In the past decade, there has been considerable interest in semiconductor nanostructures,
especially porous Si [1, 2] and Si nanocrystals [3-5] because of their potential applications
toward Si-based optoelectronic devices. Si nanocrystals have been fabricated by a variety of
methods and include such technigues as co-sputtering, chemical vapour deposition, molecular
beam epitaxy, gas evaporation, laser ablation and so on. Nanometre-sized crystallites
exhibit unique electrical, optical, magnetic and thermal properties which are not observed
in bulk materials. Although a considerable amount of research has been performed by many
researchers world wide, the mechanism responsible for photoluminescence from these Si
nanostructures is still unclear.

Utilization of porous Si in optoelectronic devices is doubtful because of its method
of fabrication and structural fragility. However, one of the most promising approaches to
producing Si nanocrystals, compatible with conventional microelectronic processing, may be
byionimplantation. This technique has the advantage that a given number ofions can be placed
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ata controlled depth and distribution by changing the ion doses and acceleration energies [6, 7].
lon beam synthesis of Si nanocrystals is a potential candidate for manufacturing chemically
stable and pure Si nanocrystals, not only for fundamental research, but also for applications in
monolithically integrated Si-based optoelectronic devices.

The present authors have carried out a series of studies on the structural and the optical
properties of high energy (1 MeV) Si-implanted silica glasses [8—10] and thermally grown oxide
films on Si wafers [11-13]. We have shown that these specimens exhibit two luminescence
bands in the visible range. One band is peaked around 2.0 eV, is observed in as-implanted
specimens and those annealed around®60@nd can be attributed to excess Si defects. The
other peaks around 1.7 eV and is observed only after annealing at higher temperatures, and
can be attributed to Si nanocrystals.

After our first reports [8], many papers [14-21] have appeared concerning the 1.7 eV
luminescence in samples prepared employing the same technique of Si ion implantation into
SiO, and subsequent high temperature annealing. More recently, a dose (implanted excess
Si concentration) dependent photoluminescence peak energy shift has also been reported by
the present authors [22]. Although the 1.7 eV luminescence is evidently related to implanted
Si nanocrystals formed by decomposition of the Sphase with high temperature annealing,
the detailed mechanism of the luminescence is not yet clear. The properties of the 1.7 eV
luminescence band are similar in many respects to those of other Si nanostructures, and it
is likely that the same mechanisms are responsible for the photoluminescence from these
materials.

The photoluminescence arising from implanted Si nanocrystals ixnl&®been attributed
by some investigations to quantum confinement [14, 15], while others have concluded
that surface states present in the interfacial layer between the Si nanocrystals and the
surrounding oxide matrix play an important role in the emission process [9,16]. More
recently, oxidation effects on photoluminescence from Si nanocrystals fabricated by laser
ablation have been reported [23]. This article extends our findings by reporting a wider
range of dose and implantation temperature dependencies and oxidation effects on the
photoluminescence and discussing a detailed mechanism for the photoemission and tuning of
the photoluminescence of the Si hanocrystals formed in $iCon implantation, annealing
and oxidation steps.

2. Experiment

The samples used were prepared by implantirigi®is into oxidized Si epitaxial layers
(102 cm, 10um) grown on p-type Si wafers with a resistance of aroun@D2 cm (oxide
thickness of around 600 nm). The Si ions were introduced by a Whickham ion implanter at
an acceleration energy of 180 keV to doses ranging fran110® to 2.0 x 10'7 ions cnt?
(corresponding to a peak excess Si concentration ranging from 1 to 15%) with a beam current
of 570 nA (current density of about 28 uA cm~2). The expected depth profiles of the
implanted Si atoms in the thermal oxide layers on the Si wafers were estimated using SRIM
(the stopping and range of ions in matter) [24] and found to be distributed in near Gaussian
profiles peaked around a depth of 270 nm from the surface, similar to that previously measured
by Rutherford backscattering spectroscopy [25]. All the implantations were performed with
the thermal oxide films kept either at room temperature or at 600

The implanted samples were subsequently annealed at ©d6@ flowing N, atmosphere
for several hours to induce precipitation and the formation of Si nanocrystals. Some of the
samples were then oxidized at 10@in a flowing Q atmosphere for up to 90 minutes,
and then re-annealed at 108D in a flowing N atmosphere for 1 hour. Conventional room
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temperature photoluminescence spectra were measured at various stages of the processing.
An Ar-ion laser (2.41 eV or 2.54 eV) was used as the excitation source and the luminescence
was detected by a cooled photomultiplier tube, employing the photon counting technique.

3. Results

The photoluminescence spectra of samples annealed atCdd0 8 hours in N are shown

in figure 1. The dose dependencies of the photoluminescence peak energy and the intensity
are shown in figure 2. The 2.54 eV laser line was used as the excitation source to obtain these
spectra and ion implantation was performed at room temperature unless indicated otherwise.
Itis clear from the figures that the peak energies of the photoluminescence spectra are strongly
affected by the dose of implanted Siions in the high dose range. These peak energies are close
to 1.7 eV in the samples with lower doses (below 50'¢ ions cn12), but are shifted to lower
energies with increasing dose. The intensity of the luminescence grows and then decreases as
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Figure 1. Photoluminescence spectra of 180 keV Siimplanted 600 nm thermal oxide films at room
temperature to doses of (a)<110'8, (b) 25 x 106, (c) 5x 106, (d) 1x 107, (e) 15 x 107 and
(H) 2 x 10'7 ions cnT2 and excited with a 2.54 eV laser, after annealing at T@sfbr 8 hours in
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Figure 2. Comparison of the photoluminescence peak energy and the photoluminescence intensity
for Si nanocrystals formed by implanting 180 keV Si to different doses, after annealing @050
for 8 hoursin N.
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Figure 3. Photoluminescence spectra of samples implanted with 180 keV Si to a dose of
1 x 1017 ions cnm2 and excited with a 2.54 eV laser, after annealing at T@fbr (a) 2, (b) 4 and
(c) 8 hoursin N.
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Figure 4. Photoluminescence spectra of samples implanted with 180 keV Si to a dose of
1 x 10'7 ions cnt2 at (a) room temperature and (b) 58D and excited with a 2.54 eV laser,
after annealing at 105 for 8 hours in N.

the ion dose increases, with the maximum value being obtained at levels of the implanted dose
between 10 x 10'7 and 15 x 10 ions cnT?2,

The photoluminescence spectra of samples annealed at CdB0 various times in K
are shown in figure 3. It is clear from the figure that the luminescence intensity grows as the
annealing time increases and also that the peak energies of the spectra are almost independent
of annealing time. It is noted that the luminescence intensity grows and then almost saturates
with annealing for 8 hours at 105C in all specimens used in the present experiments.
Luminescence spectra were also generated using the 2.41 eV excitation laser line. The peak
luminescence energies were found to be independent of excitation energy and the only effect
of the lower excitation energy was a decrease in the luminescence intensity.

The photoluminescence spectra of samples implanted with a dosgsol 0" ions cnm?
at room temperature and at 5D after an annealing step at 10%D for 8 hours in N are
shown in figure 4. It is clear from the figure that the peak energies of the spectra are also
affected, albeit slightly, by the temperature used during Si ion implantation. The peak energy
is reduced by about 0.03 eV for the increased ion implantation temperature even though the
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Figure 5. Photoluminescence spectra of samples implanted with 180 keV Si to a dose of
1x 10Y ions cnm2 and excited with a 2.54 eV laser, (a) after annealing at 2050r 8 hours in N

and subsequent annealing at 100@0for (b) 30, (c) 60 and (d) 90 min inand (e) re-annealing

at 1050°C in Ny for 1 hour.
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Figure 6. Photoluminescence spectra of sample implanted with 180 keV Si to a dose of
1 x 10" ions cn?2 and excited with (a) 2.54 and (b) 2.41 eV lasers, after annealing a0

8 hours in N and subsequent annealing at 10@0for 90 min in G. The inset shows the results

for samples before oxidation.

implanted dose was the same. Itis important to note that the peak energies of the luminescence
spectra are also found to be independent of the annealing time and excitation energy in the
sample implanted at 50C.

The photoluminescence spectra of samples implanted to a dos@ »f1D’ ions cnt?
at room temperature after annealing at 1050n N, for 8 hours, and subsequently annealed
at 1000°C in O, for 30, 60 and 90 minutes are shown in figure 5. In the figure, the spectrum
of the samples re-annealed at 1080in N, for 1 hour is shown as a dashed line. Itis clear
from the figure that the peak energies continuously shift to higher values up to around 1.8 eV
while the top energies extend to 2.2 eV. Moreover, the photoluminescence band width becomes
much broader and the peak intensity decreases with increasing oxidation time. It is also clear
that the peak energy returns to almost the same energy as observed before oxidation, while the
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intensity levels do not recover with re-annealing ixn I\ is noted that similar peak shifts with
oxidation and recoveries were observed in samples implanted with other Si doses.

The photoluminescence spectra obtained using both the 2.41 and 2.54 eV excitation lines
have been compared for the sample implanted to a dos€ ef 10'7 ions cnT? and annealed
at 1050°C in N, for 8 hours and then at 100C€ in O, for 90 minutes and are shown in
figure 6. The inset shows the results for samples before oxidation. The peak energies of the
spectra are clearly not affected by the excitation energy and the only difference is the decrease
of luminescence intensity, similar to that observed in the samples before oxidation. Similar
experimental results were obtained in all of the oxidation steps investigated.

4. Discussion

Itis useful at this stage to review previous experimental results of cross-section high-resolution

transmission electron microscopy [13, 26, 27]. We have previously reported that no trace of

the formation of crystalline Si is evident in Si-implanted samples before high-temperature

heat treatment. After treatment at high temperatures, however, electron micrographs have

indicated the presence of Si nanocrystals in an amorphoysraix for samples implanted

with 1 MeV Si ions to a dose of 2 10" ions cnT? (peak excess Si concentration of about

8%) around the depth of the projected range of the implanted Si ip. $f0reover, we have

also observed an increase in the size of the Si crystallites after extending the annealing time.
The increase in size and also the number of Si nanocrystals when increasing the ion dose

for samples implanted with a few hundred keV energy Si ions was confirmed by White

[26]. Brongersmat al[27] have also reported that annealing of 35 keV Si-implanted samples

in O, at 1000°C after high-temperature annealing without @sults in oxidation of the Si

nanocrystals in Si@ They also showed that the oxidation of the Si nanocrystals starts at

the surface and, as time progresses, the oxidation front moves deeper into the film, and the

oxidation front is wide and a relatively wide region is oxidizing at the same time. Thus, the

size distribution of the Si nanocrystals shifts to smaller sizes due to the oxidation process.

4.1. Implantation dose dependent photoluminescence peak energy shift

Firstly, we discuss the dose dependence of the photoluminescence from the Si nanocrystals.
From the experimental results of the dose dependent peak energy shift of the photoluminescence
alone, it seems reasonable to assume that the origin of the photoluminescence is due to quantum
confinement effects and that the peak shift could be explained by a change in the size of the
Si nanocrystals. However, as we mentioned above, the size of the Si nanocrystals depends
on both the implantation dose and the annealing time. An important point to note is that
the luminescence intensity grows during annealing, without changing the peak energy of the
spectra, as shown in figure 3. Since the Si nanocrystals grow as the annealing time increases,
the lack of dependence of the peak energy on the annealing time excludes the possibility that the
luminescence is simply due to the direct recombination between electrons and holes confined
inside the Si nanocrystals. Other groups have suggested that the absorption of photons leads
to the generation of electron—hole pairs which are confined within the Si nanocrystals, whilst
the emission of photons arises from surface states localized at the interface between the Si
nanocrystals and the SjOnatrix [28, 29]. However, with these models, we cannot explain
our observed dose dependent shift of the photoluminescence.

We have recently proposed an alternative model [22] to explain the peak shift of the
photoluminescence. In this model, we consider that the bandgap widening due to the quantum
confinement effect plays an essential role in the photo-absorption process and the interface
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energy state between the Sinanocrystals and the thixl&y@r, for which the energy levels are
affected by cluster—cluster interactions, plays an essential role in the luminescence process. If
the Sinanocrystal population is very dense, the nanocrystals interact with each other via the thin
intervening oxide and a decrease in the interface energy level should be expected. With larger
implanted Si doses, of course, the local concentration of Si atoms before annealing is much
higher, and this contributes to an increase in both the size and the number of Si nanocrystals
after annealing, as observed by others [26]. However, once the nucleation of Si aggregates
occurs by decomposition of SjQa point would be reached where the Si nanocrystals formed
would not migrate within the Si@matrix. Below a dose of & 10'® ions cn?, the peak
energy is almost fixed at around 1.7 eV. This energy seems to be the interfacial energy level
between the Si nanocrystals and the Siatrix without any interactions.

Now, we discuss the dose dependent change in photoluminescence intensity. For the case
of Si nanocrystals, the luminescence intensity is determined by the number of (optimally sized)
Si nanocrystals and/or their luminescence efficiency, if we assume that their absorption cross-
section is the same at the excitation energy (2.54 eV). Up to a dose ar@untidt’ ions cnr?,
the photoluminescence intensity increases as the dose increases, as shown in figure 2. The
number and the growth of the Si nanocrystals are both expected to increase with the dose. Thus
the initial intensity increase with implanted Siion dose, as shown in figure 2, is consistent with
the presumption. Above a dose 00k 10 ions cnT?, the intensity of the photoluminescence
falls as the dose increases. There are several possible reasons for this. Firstly, the band-to-band
transition energy of the confined Si nanocrystal system should be smaller than the emission
energy with the growth of the Si nanocrystals. Secondly, interactions between the nanocrystals
will affect the photoluminescence efficiency. Thirdly, as the size of the Si nanocrystals
increases the interface-to-volume ratio decreases. Fourthly, the probability of energy transfer
to the interface will decrease, particularly if the nanocrystals include imperfections. Inany case
we expect that the highest photoluminescence intensity will be observed from the samples when
appropriately sized Si nanocrystals have been optimally distributed within thens@ix.

4.2. Implantation temperature dependent photoluminescence peak energy shift

Before discussing the implantation temperature dependence of the photoluminescence of the
Si nanocrystals, itis noted that the heating of the surface layer by the action of ion implantation
is less than 100C and therefore far too low to induce any significant changes in our specimens.
The effect of implantation dose will be mainly to extend the time the specimens are hot, and
since the temperature rise is already too low for anything to happen, will also have no influence.
Now, we discuss the implantation temperature dependence of the photoluminescence.
The peak energies are shifted about 0.03 eV to lower energies with increasing implantation
temperature from room temperature to 500 Based on the model explained in the previous
section, we can explain this shift as follows. In forming the Si nanocrystals in anrgaix
by high-temperature annealing, diffusion, nucleation and growth (i.e. crystallization) processes
are clearly important. The implanted Si ions will initially form SiQor to a lesser extent,
Si aggregates. As the present authors have previously reported [9, 11], the initial state of the
implanted Si is strongly affected by the substrate temperature during ion implantation. With
increasing implantation temperature, the implanted Siions tend to form small aggregates (less
than the typical nanocrystal formed in this study). Annealing at high temperature induces
diffusion and nucleation of excess Si atoms, and prolonged annealing induces growth of the Si
aggregates. Therefore, samples implanted at80Rill contain more nucleation points (Si
aggregates), which are formed during the implantation process, than those implanted at room
temperature. As a result, a larger number of Si nanocrystals are formed in then8t@x
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and the average distance between the nanocrystals decreases, such that stronger cluster—cluster
interactions via the thin intervening oxide can be expected in the samples implanted at higher
temperature.

4.3. Oxidation induced photoluminescence peak energy shift

Finally, we discuss the oxidation-induced peak energy shift of the photoluminescence spectra
of the Si nanocrystals. Since the average size of the Si nanocrystals evidently decreases as the
oxidation time increases, it seems that the origin of this shift is due to quantum confinement
effects, as others have already concluded [27]. An important point to note, however, is that the
peak energy returns to its original peak position after re-annealing.if\ith annealing in @,

of course, the average size of the Si nanocrystals decreases and the remaining excess Si atoms
will oxidize. Ifwe assume that the origin of the peak energy shiftis due to quantum confinement
and the photoluminescence is simply due to the direct recombination between electrons and
holes confined inside the Si nanocrystals, this means that the Si nanocrystals return to their
previous size after re-annealing in.NIt is not easy to understand this annealing-induced
recovery in size for samples with such a deficient excess Si concentration and this strongly
suggests that other factors affect the shift of the spectra after oxidation.

A photoluminescence peak energy abeve7 eV will not be expected with our model
as we have already discussed. It seems, therefore, that a change in the interfacial energy states
with oxidation could induce the observed change in the photoluminescence peak energy. It is
noted that the excitation energy dependence of this photoluminescence band is different to that
observed in the as-implanted samples and is not related to the Si nanogugstsébut can
be attributed to excess Si defects. The peak energy of the photoluminescence band observed
before thermal annealing depends on excitation energy [30], but that observed after oxidation
does not, similar to that before oxidation, as shown in figure 6. This indicates that the origin
of the photoluminescence is different from that observed before annealing.

It is well known that the luminescence emitted by recombination of the self-trapped
excitons in crystalline Si@peaks at 2.8 eV [31-33]. This luminescence is thought to be
due to the recombination of an electron on the Si dangling bond and a hole on the O dangling
bond, which are generated by the breaking of a Si-O bond [34,35]. The corresponding
luminescence band in amorphous gl@as been shown to peak around 2.3 eV [36]. Moreover,
the luminescence band observed around 2.0 eV in Si-implantedfgiOre high-temperature
annealing, in which the peak energy depends on both the implantation dose and the substrate
temperature during implantation, can be attributed to the formation of excess Si defects [9—-11].

It is suggested that the peak energy of the luminescence in all these Si—O systems is sensitive
to a variety of local disorders which include both structural and bond disorder. The arguments
above suggest that the photoluminescence observed above 1.7 eV after oxidation is due to
the recombination of electrons and holes at the interface between Si nanocrystals and SiO
and the introduction of different oxidation states to those present before oxidation. These
new oxidation states seem to be metastable and easily transformed to more stable states by
annealing in a non-oxygen ambient. These experimental results indicate that the peak energies
of the photoluminescence above 1.7 eV could be strongly affected by the roughness of the
interface.

More recently, Patronet al[23] reported oxidation effects on the photoluminescence from
Si nanocrystals fabricated by laser ablation. They observed enhancement and the peak shift
of the photoluminescence. These results arise from passivation of surface of nanocrystals and
reduction of the size, and they have concluded that the observed photoluminescence could be
the transition between quantum-confined levels of nanosized silicon crystals. The difference
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from our results seems to be arise the difference of the oxidation condition (they oxidized at
room temperature) and excitation photon energy (they used 4.8 eV). Again, we would like
to stress that the photoluminescence peak energies after oxidation return to their previous
position with slightly annealing without oxygen in our study; it is not easy to understand this
annealing-induced recovery in size for samples with such a deficient excess Si concentration,
and it is not consistent with a simple quantum confinement model. Detailed comparisons of
our results with theirs will be made in the near future.

5. Conclusion

We have measured the implantation dose, implantation temperature dependence and the
effect of oxidation on the photoluminescence of Si nanocrystals in &igers, fabricated

by ion implantation and subsequent annealing and oxidation steps. We have found that
the peak energy of the photoluminescence was almost independent of the size of the Si
nanocrystals if they have an appropriate size (i.e. the band-to-band transition energy of the
confined Si system should be smaller than the incident photon energy and larger than the
emission photon energy), but strongly affected by the mutual distance of nanocrystals (i.e.
their concentration) for the photoemission below 1.7 eV, or the roughness (oxidation state) of
the interface for the photoemission above 1.7 eV. This method of fabricating Si nanocrystals,
by ion implantation and subsequent high-temperature annealing, is found to be an important
technigue that enables the isolation and the identification of some factors which affect the peak
energy of the photoluminescence spectra. Further studies of the size and distribution of the Si
nanocrystals in these Si-implanted $i@yers by cross-section high-resolution transmission
electron microscopy and additive experiments, including temperature and excitation power
dependence of the photoluminescence, are now in progress.
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