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Photoluminescence and resonant Raman spectra of silicon films produced by size-selected cluster
beam deposition
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Silicon clusters and nanocrystals have been generated byl&¥@r-induced decomposition of SjHn a
flow reactor. By introducing a conical nozzle into the reaction zone, the clusters are extracted into a molecular-
beam machine and analyzed with a time-of-flight mass spectroiE@FMS). Since the clusters have a
size-dependent velocity, a mechanical velocity selector is used to further narrow their size distribution and to
select a specific mean size. Employing this technique, silicon clusters with different preselected mean sizes
have been deposited at low energy on various substrates. Photolumine@tignaed resonant Raman spectra
of the resulting films are presented. The crystallite sizes deduced from the Raman spectra confirm the TOFMS
measurements. The PL spectra are shifted with decreasing cluster size to smaller wavelengths. Our results
agree very well with theoretical predictions for silicon quantum d&6163-182€07)08035-1

I. INTRODUCTION presented in a forthcoming paper, has shown that the veloc-
. . ity of the silicon clusters decreases with increasing mass.

The observathn of photolumm_esc_er(ct%l_) fr_om porous Vyery recently we have demonstrated the possibility gf fabri-
nanostructured silicon at the beginning of this deCelutes _cating thin films from silicon clusters, with the mean patrticle
t_rlgg;_\red an enormous amount of research activity in thigjjameter being controlled by combining the cluster beam
fleld.. .The mouvatmg f_o_rce behind this kmd_of work is the deposition technique with a velocity selectérThe aim of
ambition to integrate silicon nanostructures into future optothjs article is to report results obtained by studying the Ra-
electronic deviced.The general development towards nano-man and photoluminescence spectra of thin films grown
scaled technology requires a detailed knowledge of therom silicon clusters with narrow size distributions around
physical and chemical properties of semiconductors in thenean particle diameters between 2.5 and 7.0 nm. Since the
mesoscopic state of matter. In this regard, silicon clustergovalently bonded clusters are deposited at low energy, they
and nanocrystals are of particular interest. The structures afeither fragment nor coalesce on the substfat@Hence the
small Si, clusters withn=<10 are well understootiput the  size distribution of the deposited particles can be determined
transition to the bulk phase, which is realized by nanosizedrery precisely prior to the deposition by time-of-flight mass
particles, is still the subject of intensive experimental andspectrometry.
theoretical worke™’

Two different mechanisms are currently considered to ex-
plain photoluminescence in silicon nanostructures. In the Il. EXPERIMENTAL SETUP
guantum confinement model, the photoluminescence is as-
sumed to be due to electron-hole recombination across the
fundamental nanostructure band gdp.contrast, the surface The silicon clusters were generated by £0O
state model assumes that surface states act as traps and dager-induced decomposition of Sjkh a gas flow reactor as
ture the electron or hole, facilitating their recombinatfon. has been described in detail elsewh€r& Figure 1 shows a
Most experimental investigations on PL have been perschematic view of the experimental setup consisting of the
formed on porous silicon produced by electrochemical etcheluster beam source and the elements used for deposition.
ing of Si wafers>!® but alternative methods of preparation The apparatus contains a laser-driven flow reactor incorpo-
have also been reported, such as plasma-enhanced chemiaalted into the source chamber of a molecular-beam machine
vapor depositiofPECVD) from a rf discharge of silatéor  and a time-of-flight mass spectromet@8OFMS), not shown
pyrolysis of disilane? The diameter of the nanostructures is in the figure. The reactant gas, SiHs admitted to the center
usually determined by transmission electron microscopy andf the flow reactor through a stainless steel tube of 3 mm
Raman spectroscopy. diameter. To initiate the decomposition, the gas flow is

At this background, we have employed our recently decrossed at right angles with the focused radiation of a line-
veloped cluster beam souf@e'’ for the generation of mo- tunable pulsed C@laser. In order to confine the reactant gas
lecular beams containing silicon clusters and nanoscaled pate the flow axis, helium is flushed through a coaxial outer
ticles. The source is based on the aggregation ofube with 12 mm diameter. The reaction products are ex-
CO,-laser-induced dissociation products in a gas flow reactracted perpendicularly to both the gas flow and the
tor. A detailed analysis of the cluster beam, which will be CO,-laser beam through a conical nozzle with a 0.3-mm-

A. Cluster generation and film preparation
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Source Chamber  Differential Chamber TOFMS Whiley-McLaren-type ion source by the radiation of an ArF-
Sample excimer laser. The ion beam is collinear with the neutral
SiH, | cluster beam; so additional ion optics, which must be used in
— I a perpendicular geometry to compensate for the initial ki-
He L | | | netic energy, are not necessary. In contrast to earlier
L experiments’~1” where a digital scope was used, the time-
P 7 | (/r | | of-flight mass spectra have been measured by storing the
ump . . . . . .
detected ion signals as a function of their arrival time at the
CO,-L L—' ‘ detector in a multichannel scal¢EG+G ORTEC, model
,-Laser . . L
Excimer-Laser T914). This device enables measurements at very low ioniz-
84 S ing laser fluence since the ion signals can be accumulated

over several thousand laser shots. Using the average function
FIG. 1. Schematic view of the cluster generation and depositior?f @ digital scope, small signals will be lost in the back-
setup. ground noise during the averaging process. On the other
hand, studies at low laser fluence are necessary to avoid
diam opening. In order to achieve a residual pressure oftrong fragmentation and/or multiple ionization.
5 10"° mbar, the source chamber is pumped by a 6000-I/s  Since the kinetic energy,, of large neutral clusters is of
oil diffusion pump, a 350-mth roots blower, and a 65- the same order of magnitude as the enefgyhey receive in

m®/h rotary pump. After skimming, the clusters pass throughne ion sourceT, must not be neglected. Therefore, the re-

a pressure-reducing differential chamber of 370 mm length o Jm is not fulfilled anymore. To perform an accu-

:n\(/j\/ifliga_l:%(;‘Eg?ern‘:"_?chééhigrrggxcsev‘éhe;ﬁ;hg%gt?oiﬁrgfzdnir}ate mass calibration of the time-of-flighftOF) spectra, the
y yp y initial velocity of the neutral clusters has to be known. This

ArF excimer laser X =193 nm. In the present experiment, velocity can be calculated from the distarmeand the time
the reactor was operated under the following conditions: 20- y . .
At, the particles need to travel this distance. Then the mass

sccm (sccm denotes cubic centimeter per minute at )STP= "2 ) i
flow rate of SiH,, 1100-sccm flow rate of He, 330-mbar total calibration of the TOF spectra can be performed numerically,

pressure, 50-mJ Cglaser pulse energy on the 10P(30) using the proper geqmetrical and eIectrp_staticaI parameters

line (934.9 cm Y, focused with a lens 200 mm in focal @S well as the veloc:|t_y of the neutral §|I|con clusters. For

length. example, a peak in the time-of-flight spectrum at
Since the reaction is driven by a pulsed €@ser the t=400 us would correspond to S if To is neglected, but

silicon clusters are generated in a pulsed mode. Due to th® Si;,,, if the measured velocity of,=1500 m/s is taken

size-dependent velocity of the extracted particles, the clusténto account. In order to transform TOF distributions into

pulse becomes broadened and the clusters are separated mass distributions, the Jacobi facti’dm must be consid-

cording to their size. Thus it is possible to reduce the sizered. Thus the measured TOF distributions are converted ac-

distribution of the deposited clusters by introducing a rotat-cording to the formula

ing chopper wheel into the cluster beam, as has been dem-

onstrated recentl}. The disk is 123 mm in diameter and 1 1(t)At

mm thick. It possesses two diametrically opposed 1-mm- I(m):A—, 1)

wide slits. The chopper is operated at a rotational frequency m

of 400 Hz, resulting in an opening time of 72s for a

cluster beam of 1 mm width. Using a light barrier, a fre-

guency divider, and a variable delay generator, the, GBer ing channel widths in the time and mass domaism is

Liesygz)chrlgn;znedd t\(]vghcﬁge C:roggir'.STgin:;ﬁmeﬁiV\ﬁzn d.Sgetermined numerically for each channel of the TOF spec-
2z PP ISK | _mm, whi € di trum, taking into account the proper correlation between the
tances, between the chopper and the ionization region i

Stime of flight and mass. Size distributiorfiim terms of the
321.5 mm. By choosing the appropriate timé,; between ' : it
the firing of the CG laser and the moment when the par- numberN of atoms are proportional to the mass distribu

. L . tions sincedm/dN= const.
ticles pass through the chopper, it is possible to select, from

the entire cluster pulse, the portion with the desired mean
size and to deposit it on the substrate. C. Optical characterization of deposited films

Thin films from silicon clusters and nanoparticles can be  Thjn films grown from size-selected clusters have been
produced by moving a sample holder, which is located in thgnyestigated by photoluminescence and resonant Raman
differential champer, ipto the cluster beam. For the eXPe”'spectroscopy. To perform Raman spectroscopy on two films
ments described in this article, room-temperature £Lafd  of sjze-selected clusters, samples V and VI have been de-
LiF substrates were used. Depending on the preselected cluspsited on LiF since this substrate does not exhibit Raman
ter size, the deposition times were up to 24 h. The backpeaks in the frequency range of interest. The spectra were
ground pressure in the deposition chamber, wasl8 °  gptained using an UV-specified Raman spectrom@éor)
mbar. equipped with a silicon photodiode array detector. The exci-
tation wavelength was the 363.8-nm li8.34 eV} of an
argon-ion laser and the power was fixed to 20 mW, resulting

If the substrate is moved out of the cluster beam, then a power of 5 mW on the sample. The light was focused to
particles reach the TOFMS, where they are ionized in a spot of 500um diameter. The spectrometer has been cali-

with I (t) andl(m) being the intensities in the TOF and mass
spectra, respectively, ankt and Am being the correspond-

B. Mass spectrometric characterization of the cluster pulse
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brated using a monocrystalline silicon wafer as a reference. — T T T
The energy of the exciting photons is very close to the first
direct electronic transition in siliconlps— I'15=3.37 e\}.2 185 ps
These resonant conditions allow the detection of a Raman
signal, even if the films are very thin.

The PL of the films has been measured using a Dflgr 190 s
Raman spectrometer in a special configuration. Instead of the a e
classical foremonochromator, the diffused light passes
through a notch filter cutting the laser excitation wavelength
before it is dispersed by a 150-groves/mm grating. This con-
figuration allows the acquisition of a large frequency win-
dow in one scan. PL spectra were taken using the 488-nm
line (2.54 eV} of an argon-ion laser as well as the 647.1-nm
line (1.92 eV} of a krypton-ion laser. All experiments have
been performed at room temperature in the macroconfigura-
tion (50-mm-focal-length objectiyewith the laser power on
the sample kept at 25@0W. A liquid-nitrogen-cooled charge
coupled devicgCCD) chip has been used to detect the lu-

195 us

200 us

205 s

intensity ( arb. units )

minescence. L 210 us
Ill. RESULTS
215 ps
A. Size distribution of deposited clusters e T T T
Thin films of silicon clusters have been produced by se- 0 100 200 300 400 500 600 700
lecting eight different parts of the total cluster pulse and time-of-flight ( us )

depositing them on Cafand LiF substrates. They are re-

ferred to as samples I-VIIl. In order to determine the size FIG. 2. Time-of-flight spectra of the silicon cluster pulse depos-
distribution of the deposited particles, we have recordedted on sample Il. The delayAt, between chopper opening and
mass spectra of the cluster pulse transmitted by the choppeiting of the ionization laser are given in the figure.

Since an accurate determination of the size distributions is ] ]
very important for further analysis, we would like to explain Passed through the chopper is broadened due to the size-
the procedure in more detail for the case of sample Il. Thélependent velocity of the clusters. Smaihd fast clusters
delay between the firing of the GQaser and the opening of reach the |o_n|zat|on region somewhat earlier than latged

the chopper has been adjusted Ao, =135 us, allowing Slowen particles.

clusters in the size range of 1000 atoms to pass through the The TOF spectra have been transformed to mass spectra
chopper. Mass spectra of the transmitted cluster pulse ha@$ described in Sec. 1IB and two log-normal distributions
been recorded by probing the clusters arriving at the ionizab@ve been fitted to the data, representing the doubly and
tion region in steps of s. This is done by simply varying 5|_ngl_y |o_n|zed clusters, re_zspectlvely. To obtain the total mass
the delayAt, between chopper opening and the firing of thedistribution of the deposned.clusters, we have gddeq a_II Six
ionizing excimer laser. The spectra are shown in Fig. 2. Onlj}09-normal curves representing the portion of singly ionized
the six spectra recorded with 190s<At,<215us show clusters in each mass spectrum. _The result is shown in Fig. 3
significant intensity caused by the transmitted silicon nano@S @ dashed curve, while the single log-normal curves are
particles.

Besides small signals at ion flight times below p@, I
which are caused from the residual background gas anc =
pumping oil molecules, the TOF spectra show two distribu-
tions of detected ions, which are clearly separated from eact
other. Careful investigations of the dependence of the mas:
spectra on the fluence of the ionizing laser have shown tha
the first maximum at smaller flight times must be attributed
to doubly ionized silicon clusters, while the second larger
maximum belongs to singly ionized clusters. Furthermore,
these studies revealed that the position of the second maxi
mum practically did not change with the fluence of the ion-
izing laser, indicating that fragmentation and evaporation
processes are negligible. Hence the distribution of the singly 0 500 1000 1800 2000 2500 3000
ionized clusters is considered to be a good approximation of
the mass distribution of the neutral clusters in the beam.
Moreover, it is seen from Fig. 2 that the position of the FIG. 3. Size distribution of silicon gas phase clusters deposited
maximum shifts towards longer flight times whar, iS in-  on sample Il. The dotted lines are log-normal distributions fitted to
creased. This reflects the fact that the particle pulse that hase singly ionized cluster curves in the mass spectra of Fig. 2.

lognormal fit

I(N)dN ( arb. units )

number of Si atoms per cluster
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FIG. 4. Size distributions of the deposited clusters on samples
1-VIII.

plotted as dotted lines. In order to obtain a quantitative de-
scription of the resulting distribution, again a log-normal
function is fitted to the sum curvésolid curve in Fig. 3.
This is considered to be the best representation of the mas
distribution of the silicon particle pulse transmitted by the
chopper.

To determine the size of the particles, the mass distribu-
tion 1(N) is transformed into a diameter distributio(D)
using the relation

200

intensity  arb. units )

sample V

sample VHI

¢-Si(111) (x0.1)

400 440 480 520 560 600
Raman shift (cm™)
T T T M T v L) T :
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FIG. 5. (a) Raman spectra of samples V and VIII deposited on

LiF, in comparison with a spectrum taken fra¥Si(111). (b) Com-

parison of our results with the data published by ¥ial. (Ref. 22
(see the text for details

dN
(D)=1(N) 55 @
with
3N 1/3
D(N)=(EV )

at half maximum is between 1 and 1.5 nm.

B. Raman spectra of thin films

To verify that the covalent clusters, which have been de-
posited at low energy, do not fragment or coalesce, we have
V=0.1601 nm is the volume of a unity cell in bulk silicon. recorded Raman spectra of samples V and VIII. They are
Silicon clusters with eight different size distributions have displayed in the upper part of Fig. 5 together with a Raman
been preselected and deposited on substrésesnples spectrum ofc-Si(111). The spectra are characterized by a
I-VIIl'). All size distributions are collected in Flg 4 and their strong resonance around 520 CIJT,] caused by the Raman-
characteristic data are summarized in Table I. The experig|lowed transition in crystalline silicon. A closer look reveals
ments described in this article cover the range of mean dig shift of the resonance and a broadening of the peaks with
ameters fronD=2.5 nm toD =7 nm. The typical full width  decreasing particle size. The maximum of the spectrum taken

from ¢-Si(111) is found at 520 cm?*, whereas the maxima

of the spectra taken from the nanocrystalline films are lo-

TABLE . Size distributions of the deposited clusters. cated at 516 and 518 cnt for samples V and VIII, respec-
tively.
Sample N D (nm) o Eum (€V) If the excitation is made with nonresonant light of longer

wavelength(514.5 nm), the Raman peak of bulk silicon is

| 395 2.47 0.28 located at 521 cm?. The redshift of 1 cm? in the present
I 1220 3.65 011 1.76 experiment is explained by a confinement effect due to the
I 1575 3.92 0.11 1.68 reduced penetration depth of the resonant 363.8-nm radia-
v 2310 4.46 0.09 1.68 tion. In contrast to the bulk, the nanocrystalline films are not
V (LiF) 2600 4.63 0.09 1.58 affected by this process since the crystal sizes are smaller
\ 3175 4.95 0.07 1.49 than the penetration depth, which is approximately 10—20
VI 6755 6.37 0.10 nm. So we determine a redshift of the resonance with respect
VIl (LiF) 9070 7.03 0.11 1.4weak to bulk silicon of 5 and 3 cm? for samples V and ViIII,

respectively.
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FIG. 7. Comparison of our data with recently published theoret-

FIG. 6. Photoluminescence spectra of thin films, produced b))cal results from Deleruet al. (Ref. § and Hill and Whaley(Ref.

size-selective deposition of silicon nanocrystals. The 488-nm line 07)'

an argon-ion laser was used for excitation. . .
g could sometimes be observed at photon energies around 1.4

Since the resonant excitation enhances the signal from tHgV- In contrast, strong luminescence signals were detected
crystalline particle core relative to that from the surface refor the intermediate cluster sizes. Itis seen in Fig. 6 that the
gion, the line shapes cannot be directly compared to the réh@ximum of the PL curves shifts from 1.5 to 1.75 eV when
sults of other experiments where the 514.5-nm line was useti!® Particle size is varied from 5 nm to 3.6 nm. The spectra
for excitation. But recently Xiat al?2 have shown that the °btained by using the 647-nm line of a krypton-ion laser
Raman spectrum of nanoscaled silicon, produced by PECVIShoW qualitatively the same behavior, but are slightly higher
of silane, can be decomposed into signals from the amorl intensity, which is explained by the near-resonance exci-
phous part and into surface and core contributions. From thEtion. After storing the samples in ambient air for several
shift of the nanocore contribution with respect to the bulkeeks, they have been checked again. No significant changes
signal, they have calculated the diameters of the crystallite8@ve been noticed. Samples that have not shown any PL
employing the strong phonon confinement mddéf: Their before did not Iummesce_now anq the maximum positions of
results were confirmed by x-ray studies, which yielded diam{h€ recorded spectra neither shifted nor showed significant
eters in good agreement with those calculated from the R&Nanges in intensity. _ _
man measurements. In the lower part of Fig. 5, we compare !N Fig. 7 we compare our results with recently published
our results with those of Xiat al2? The error bars represent theorencal7 data for Sll!COI’l nanocrystals 5saturated with
the full widths at half maximum of the corresponding Sizehydfogerﬁ' The calculations of Deleruet al> have bles%n
distributions (see Fig. 4 The agreement between the two C&rried out for particles up to 4.3 nm in diameterdA™~"
data sets is very good. Moreover, our results are in goo!ﬁw has been used to extrap(_)lat_e the curve to larger particle
agreement with theoretical predictions for Si spheres predl_ameters5.0ur experimental findings are in good agreement
sented by Campbell and FaucRét. w!th these theorgncaliresults, while the curve .predlcted by

In addition to the experiments with resonant excitation,Hill and Whale)] is shifted to smaller particle diameters or
we have performed Raman spectroscopy using visible echg)_wer Iumlnesce_nce energies, res_pec'uvely. The_ error ba_\rs in-
tation. These measurements have shown that there is alsdiiate the full widths at half maximum of the size distribu-
small amount of amorphous silicon present in the samples.ions shown in Fig. 4.

In good agreement with other experiments employing
low-energy cluster beam depositifht® we have found that IV. DISCUSSION
the size of the free clusters is retained in the deposited cluster Silicon nanoclusters have been generated by pulsed laser
films. This proves the usefulness of mass spectrometry of gas ; S
phase nanoparticles for characterizing the thin films. Th yrolysis of Sit, in a gas flow reactor. The extracted clus-
technique presented here should be even more powerful th f'> have _been trgnsferred to free molecular _flov_v and ana-
the commonly used methods such as Raman spectrosco prd by tmg-of-fhght mass spectrometry. Thin films con-
X-ray scattering, and electron microscopy since it gives im- [St|ng C.)f silicon nanoparticles with Q|fferent narrow size
mediate and unambiguous access to the size dispersion glfgstnbutmns have been produced by size-selective deposition
well. of the clusters at low energy. Resonant Ramarj spect_ra taken
from the samples show that the films consist mainly of
nanocrystalline silicon. The sizes of the crystals obtained by
employing the generally accepted strong phonon confine-

In Fig. 6 the photoluminescence spectra are shown, whiclnent modét®?*are in good agreement with the particle sizes
have been obtained using the 488-nm line of the argon-iodetermined by mass spectrometry. This proves that the par-
laser for excitation. The first interesting result is that no lu-ticles do not fragment or coalesce after deposition. Hence our
minescence could be detected for the smallest and largeilms consist of separated particles staggered onto each other.
mean cluster sizes, though in the last case a very weak signal The luminescence spectra recorded after exciting the films

C. Luminescence spectra of thin films
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with 488-nm and 647-nm radiation have shown the general possible explanation for this observation could be the re-
trend that the luminescence peak shifts to higher energies akiction of the effective diameter of the particles due to oxi-
the particle diameter is decreased. The same trend has beéation. In this context, it should be noted that even one ox-
observed for porous silicon produced by anodical etching ofdic layer considerably reduces the diameter of the residual
silicon wafers or for oxidized nanocrystals produced by py- crystalline core. In addition, small variations in diameter will
rolysis of disilane and oxidation at 700 °C—-1000*04ow-  cause large changes in the band gap. Both effects are less
ever, our particles do luminesce at considerably shortecritical if larger particles are concerned. Further experiments
wavelength. Two different mechanisms have to be considare in progress to measure the PL after UV excitation for all
ered if our findings are compared with the results of Lock-samples.
wood and Wanyand Schuppleet al!? They are related to It is generally reported that there is a large Stokes shift of
(i) the shape of the particles afid) the surface passivation. the PL energy compared to the band gap for small particles
It is known that silicon nanostructures produced by anodicahaving diameters of about 2 nm or less. Many explanations
etching form more wirelike structures. Theoretical have been given to rationalize the large Stokes shift, but all
calculations of the luminescence of nanowires predict peakcalculations actually use macroscopic models, assuming that
energies shifted to smaller values compared to spherical dotthe bulk structure is kept, even in small clusters containing a
depending on the orientation of the crystal lattice. This exfew hundreds or tenths of atoms. On the other habhdnitio
plains the differences between our results and those of Lockealculationd’ yield endohedrally self-doped fullerene struc-
wood and Wang. tures for particles in the range of 1 nm. Moreover, a detailed
The particles investigated by Schuppégral? have been knowledge of the phase transition to the diamond structure
produced by pyrolysis of disilane, which is similar to our encountered in larger nanoparticles is still missing. Further
technique, since both experiments start from gas phase prexperimental and theoretical work is clearly needed to inves-
cursors. But their particles have been oxidized in ana®  tigate the properties of silicon particles with diameters
mosphere at 700 °C-1000 °C, while our particles are invessmaller than 3 nm.
tigated as deposited. The contact to ambient air has been
limited to a minimum by keepmg' the samples in an argon V. SUMMARY
atmosphere before taking the first luminescence spectra.
Since the spectra did not change after aging of the films in We have shown that silicon films fabricated by deposition
ambient air, we believe that oxidation plays a minor role inof size-selected neutral silicon clusters at low energy exhibit
our experiments. This is supported by the fact that the smallluminescence properties that are in remarkably good agree-
est and largest clusters do not show luminescence, even if theent with theoretical predictions based on the phonon con-
samples are kept in air for weeks. Another argument againgtnement model. Our samples luminesce at higher peak ener-
oxidation is the good agreement of the particle diametergies than the particles with comparable diameters
determined from the Raman spectra with those derived fronmnvestigated in other experimental studies. This is mainly
the mass spectrometry. If oxidation played a significant rolgrue for the medium-sized particles between 3.5 and 5 nm in
one would expect larger Raman shifts since the crystallingliameter. Larger ones show very few luminescence, indicat-
core becomes smaller. Thus we believe that our films showng an upper limit for the size of luminescent particles
the optical response of spherical silicon dots without a largearound 6 nm. For smaller particles the photon energy of the
amount of oxidation. This assumption is also supported byexciting radiation has to be increased. The main difference
the good agreement with the tight-binding results of Deleruédbetween our samples and others is that our particles are
et al® This calculation was made with a higher-quality em-formed in the gas phase under high-purity conditions without
pirical parametrization for bulk Si than that used by Hill and wall interaction. Furthermore, no chemical or thermal treat-
Whaley, which accounts for the difference between the twanent is used, which could induce strain in the particles or
theoretical curve$>2° lead to wirelike structures. The good agreement with the cal-
Although our results agree well with the quantum con-culations of Delerueet al® leads to the conclusion that our
finement theory, there is a problem with the film grown fromfilms consist of zero-dimensional quantum dots without
the smallest clusters with a mean diameter of 2.5 nm. Conlarger amount of oxidation.
sidering the theoretical and experimental work known so far,
we would expect Iuminescence around 2.2 eV. Therefore, the ACKNOWLEDGMENTS
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