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Optical properties of silicon nanoclusters fabricated by ion implantation
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A method for the fabrication of luminescent Si nanoclusters in an amorphoysn&i@ix by ion
implantation is reported. We have measured the dgosecentration of excess Si atomand
annealing time dependence of the photoluminescence of Si nanoclusters,ifay@ at room
temperature. The samples were fabricated by ion implantation and subsequent annealing. After
annealing, a photoluminescence band below 1.7 eV has been observed. The peak energy of the
photoluminescence is found to be almost independent of annealing time, while the intensity of the
luminescence increases as the annealing time increases. Moreover, we found that the peak energy of
the luminescence is strongly affected by the dose of implanted Si ions, especially in the high-dose
range. We also show direct evidence of widening of the band-gap energy of Si particles of a few
nanometers in size by employing photoacoustic spectroscopy. These results indicate that the photons
are absorbed by Si nanoclusters, for which the band-gap energy is modified by the quantum
confinement effects, and the emission is not simply due to direct electron—hole recombination inside
Si nanoclusters, but is related to defects probably at the interface between the Si nanoclusters and
SiO,, for which the energy state is affected by cluster—cluster interactions1998 American
Institute of Physicg.S0021-8978)03411-3

INTRODUCTION which can be attributed to excess Si defects. The other
peaked around 1.7 eV, which is observed only after anneal-
In recent years, there has been considerable interest ing specimens with higher temperature.
semiconductor nanostructures, especially porougR8fs. 1 After our first reports? a rush of papef§~?°concerning
and 2 and Si ultrafine particle¥;” which are fabricated by to the 1.7 eV luminescence appeared employing the tech-
several methods and exhibit strong visible luminescenc@ique of Si ion implantation into SiQand subsequent high-
even at room temperature. Nanometer-sized particles showmperature annealing. More recently, electroluminescence
unique electrical and optical properties, which are not obfrom Si ion-implanted thermal oxide fiims has also been
served in bulk materials. Although there has been a consideportec?® Although the 1.7 eV luminescence is evidently
erable amount of investigation, the mechanism for luminesrelated to Si nanoclusters formed by decomposition of the
cence from these Si nanostructures is still unclear. SiO, phase with high-temperature annealing, the detailed
One approach to produce nanoclusters, compatible wittnechanism of the luminescence is not yet clear. The purpose
conventional microelectronic technology, may be by ion im-of this paper is to report the wide range of dgsencentra-
plantation. The ion-implantation technique has the advantaggon of implanted excess Si atojrend annealing time effects
that given numbers of ions can be placed in a controllecbn the luminescence from the ion-implanted layer, and the
depth distribution by changing the ion doses and the accebptical absorption of Si nanoparticles produced by gas
eration energie%.glon-beam synthesis of Si nanoclusters is aevaporation techniques, and to discuss the detailed mecha-
potential candidate for the method of manufacturing pure Shism for the 1.7 eV luminescence of the" Smplanted layer.
nanoclusters, not only for basic research, but also for appli-

cation for monolithically integrated Si-based optoelectronic
devices. EXPERIMENT

The present authors have carried out a series of studies 114 samples were prepared by implanting Si ions into an
on the structural properties and the luminescence behaviosqized Sb-doped Si epitaxial laydf0 Q cm, 10 wm)
Ol high-energy (1 MeV) _1§nd relatively  low-dose  416n onp*-type Si wafers with a resistance of around 0.01
Si —mplante:d S|I|ca3_gllglssé% and thermal oxide f|Ims' Q cm (oxide thickness of 300 and 600 jrion implants
grown on Si wafers: ”We have shown that these speci-\yere made with a Whickham ion implanter over the energy
mens exhibit two luminescence bands in the visible rang€ange from 25 to 200 keV with a beam current of 578
One peaked around 2.0 eV, which is observed in aStcurrent density of about 28 sA/cm?). The results for two
implanted specimens and those annealed at about 600 °Hiferent types of samples are presented here. One type of
sample(type A) was prepared by the implantation of Si ions
dCorresponding author. Electronic mail: tiwayama@auecc.aichi-edu.ac.jp into an oxide film of 600 nm thickness at an energy of 180
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FIG. 1. Estimated depth profiles obtained by usémgv program.(a) Uni- EXPERIMENT RESULTS

form profiles (sample B, (b) All of samples used in the experiments. A .
depth profile of 1 MeV Si, used in our previous work, is also shown in the Th? photolumlnescence spectra O_f type A samples_ after
figure. annealing at 1050 °C fat h are shown in Fig. 2. A laser line

of 2.54 eV was used as an excitation source to obtain all of

the luminescence spectra shown hereafter, except for a part
keV with doses from X 10'®to 2x 10" ions/cnt. The other  of the spectra shown in Fig. 5. The intensities of the lumi-
type of samplgtype B) was prepared by implanting Si ions nescence are normalized at the peak height, and the zero
at six energies between 25 and 200 keV with varying doseBnes of some curves are shifted vertically to compare the
to produce uniform excess Si concentrations of 5%, 10%peak energies of the luminescence. It is clear from the figures
and 15% in an oxide film of 300 nm thickness on Si wafersithat the peak energies of the luminescence spectra
The expected depth profiles of implanted Si atoms in thermadre strongly affected by the doses of implanted Si ions in
oxide films on Si wafers were estimated usiegiM (the  the high-dose range. The peak energies are close to 1.7 eV
stopping and range of ions in mattéf as shown in Figs. in samples with lower doses(below a dose of
1(a) and 1b). All implantations were performed at room 5x 10 jons/cnf), but are shifted to lower energies with in-
temperature. The samples were then annealed at 1050 °C irceeasing dose of implanted Si ions. It is noted that the peak
N, atmosphere for several hours to induce precipitation anénergy of the luminescence spectra after annealing for these
the formation of Si nanoclusters. samples is also found to be independent of the annealing

Si ultrafine particleSUFP) were also fabricated by gas time. However, the intensity of the luminescence is affected
evaporation techniqués® The process chamber was filled by both the annealing time and the dose of implanted Si ions.
with He gas to a pressure of 3 Torr and Si was evaporated. Sihe luminescence intensity grows and then saturates, as the
UFP were deposited onto high-purity fused silica substratesgnnealing time increases.
which were used as specimens. The sizes of the Si UFP were For the purpose of discussing the detail correlations be-
confirmed by scanning electron microscope measurementa/een the concentrations of implanted excess Si atoms and
and found to be distributed around a few nanometers. Hedhe luminescence, we also obtained the photoluminescence
treatment of the specimens was carried out in an Ar gr Ospectra of a Si-implanted layer with uniform excess Si con-
gas ambient using an infrared lamp annealing system. centrations. The photoluminescence spectra of type B
Photoluminescence spectra were measured at room teraamples after annealing at 1050 °C &h are shown in Fig.

perature in a conventional way. An Ar-ion lag@r41 or 2.54 3. It is also clear from the figures that the peak energies and
eV) was used as an excitation source and the luminescendke intensities of the luminescence are strongly affected by
was detected by a cooled photomultiplier tube, employinghe concentrations of implanted excess Si atoms. The peak is
the photon-counting technique. Photoacoustic spectra wershifted to lower energies with increasing concentrations of
obtained by the use of a standard appafdttrditted with a  excess Si atoms, similar to that observed in type A samples.
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FIG. 3. Photoluminescence spectra of type B samples with concentrations ¢fIG. 5. Photoluminescence spectra of type B samples with 10% excess Si
5%, 10%, and 15% implanted excess Si atoms and excited with a 2.54 e¥nd excited with 2.41 and 2.54 eV laser, after annealing at 1050 °C for 8 h.
laser, after annealing at 1050 °C for 8 h.

. . . spectra are independent of the excitation energies. The peak
The time evolution of the photoluminescence spectra of typé . . :

. : o energies of the luminescence spectra are independent of ex-
B samples with annealing at 1050 °C for several hours ar€

shown in Figs. #) and 4b). It is clear from the figures that Citation energies. The difference of the excitation energy of

. . : : . . 2.41 eV from that of 2.54 eV arises only in the difference in
the luminescence intensity grows as the annealing time in

; g the decrease of luminescence intensity. It is noted that simi-

creases and the peak energies of the luminescence spectra aré . : :
) R . ar experimental results were obtained in all of the samples.

independent of the annealing time. It is noted that the shapée .

. o The photoacoustic spectrum of an as-prepared
of the luminescence spectra after annealing is also found to . . . A
be independent of the annealing time in all of the sam lesnanometer-saed Si UFP sample is shown in Figh)6 The
P g P spectrum of bulk Si is also shown in the figure. The band-

We obtained the luminescence spectra excited with Iasera enerav of Si UEP increases when compared to that of
lines at both 2.41 and 2.54 eV in all samples. One of the?2P ay P

results is shown in Fig. 5. It is clear that the luminescence
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FIG. 4. Photoluminescence spectra of type B sampig5% and(b) 10% FIG. 6. (A) Photoacoustic spectra ¢f) gas evaporated Si ari) bulk Si
excess implanted Si atoms and excited with 2.54 eV laser, after annealing and(B) photoacoustic spectra of gas evaporated Si after annealing at 500 °C
1050 °C for 1, 2, 4, and 8 tfrom bottom to top. for 1 h in (a) Ar and (b) O, atmosphere.
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bulk Si. Additionally, we annealed the specimens at 500 °C

for 1 h in Ar and Q atmospheres, and measured photoacous- Si Nanocluster  Thin $i0: layer

. - . > : 3 i
tic spectra. The results are shown in Fi¢BB It is clear that 0 (mterface | Surrounding
L . L .o : Si Nanocluster
the band-gap energies increase with annealing in both speci- = : f ‘
mens, although the increase is more significant in the speci- E  — !
men annealed in Latmosphere. It is noted that the lumines- o : O IBulk Si
cence around 1.7 eV, similar to that observed in heat treated S —— :
SiT-implanted samples, is observed only for the specimen A E“AT;_ 51 Nanocluster,
annealed in an ©atmosphere. pd : IInterfacial Energy State
>
é Interaction

[Region 1] |Regior£1‘§§‘ :

DISCUSSION N

In this section, we discuss the correlation between thé&!G. 7. Schematic illustration of a reactive nanocluster model of photolu-
microstructure of the $Fimplanted layer and the lumines- minescence in which the nanoclusters react via a thin oxide interface.
cence band around 1.7 eV observed after annealing above
1050 °C. Initially, however, we would like to review our
previous experimental results of cross-section high{ined in the Si nanoclusters, while the emission of photons
resolution transmission electron microscdpyVe reported originates at the interface between Si nanoclusters and the
that no trace of the formation of crystalline Si is evident SiO, matrix, as previously proposed by Kanemitsual?’
before heat treatment, however, the micrograph after hedtor a smaller average size, adsorbed photons with higher
treatment at high temperature indicates Si nanoclusters in aanergies can contribute to the luminescence. Based on this
amorphous Si@matrix for samples implanted with 1 MeV model, we can explain that the peak energy of the lumines-
Si ions to a dose of 2 10* ions/cnt around the depth of cence after annealing is independent of the annealing time,
the projected range of the implanted[&round the depth of and is also independent of the excitation energies. However,
1.5 um, as shown in Fig. (b)]. Moreover, we observed with this so-called three-region model, we cannot explain the
growth in the size of Si clusters after increasing the annealdose-dependent shift of the photoluminescence of Si nano-
ing time. clusters.

According to the results of photoacoustic spectroscopy, Here, we propose a model named the “reactive nano-
the band-gap energy of Si in the range of a few nanometersluster model,” as shown in Fig. 7. In this model, we will
evidently increases compared to that of bulk Si, as expectedlso take into account factors other than the size of Si nano-
by quantum confinement effecd&The change of the spectra clusters. We consider that the band-gap widening due to the
seen with annealing in an Ar ambient can probably be exquantum confinement effect plays an essential role in the
plained by the crystallization of Si UFP. However, in the photoabsorption procegsegion 1 and the interface energy
case of annealing in an;@mbient, Si UFP are oxidized and state between the Si nanoclusters and thin,S&yer, for
the mean-core size of Si UFP becomes smaller than thosghich the energy state is affected by cluster—cluster interac-
annealed in Ar ambient. There is no clear evidence for th¢ions via a thin oxide interface, plays an essential role in the
correlation between the size and the band-gap energy, hoddminescence procegeegion 2. In most reports concerning
ever, we can see here that the band-gap energy of Si particlesrous Si and other Si nanostructures, only the correlation
of a few nanometers in size is quite different from that ofbetween the size of the Si clusters and the peak energy of the
bulk crystalline Si. luminescence has been discussed. Here, we would like to

From the experimental results obtained from photoastress the importance of the local concentrations of Si nano-
coustic spectroscopy and the dose dependence of the photdusters. If the Si nanoclusters have been concentrated, inter-
luminescence of Si nanoclusters alone, it seems that the oractions between Si nanoclusters via a thin oxide and a de-
gin of the luminescence is due to the quantum confinementrease in the interfacial energy state should be expected.
effects and simply related to direct electron—hole recombinaWith an increase in the implanted Si dose, of course, the
tion inside Si nanoclusters. But we have to discuss thdocal concentration of Si atoms increases, and this increase in
mechanism of luminescence carefully. An important point tothe local concentration of Si seems to contribute to both the
note is that the luminescence intensity grows during anneakize and the number of Si nanoclusters. However, once the
ing, without changing the peak energy of the luminescencenucleation of clusters occurs by decomposition of ,Si@
in all samples investigated. Since the size of the Si nanoclugoint would be reached where Si clusters formed would not
ters evidently grows as the annealing time increases, the amigrate in a SiQ matrix and the number of clusters is, thus,
sence of the dependence of the peak energy of the lumineset so changed with prolonged annealing.
cence spectra on the annealing time excludes the possibility Based on these assumptions, we can explain our present
that the luminescence is simply due to the direct recombinaexperimental results as follows. Because the number of the
tion between electrons and holes confined in the inside of Ssi nanoclusters is almost fixed with prolonged annealing and
nanoclusters. only growth in the size of clusters occurs, the change in the

The results in the present experiments seem to be comlistance between mutual clusters is negligible, even if the
sistent with the presumption that the absorption of photonsize increases. In contrast to this, with an increase in the dose
leads to the generation of electron—hole pairs, which are coref implanted Si ions, the number of Si clusters increases.
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