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The formation of Si dots by chemical vapor deposition is studied from the very early stages of the dot
formation up to about 25% of substrate coverage. Structural characterization is mainly performed by means of
energy filtered transmission electron microscopy, which couples chemical information to very high spatial
resolution. The dots are shown to be surrounded by Si-free regions and this is attributed to the Si adatom
capture mechanism from each nucleus. The data are discussed in the framework of a self-similar model, which
takes into account the dot local environment, the adatom diffusion and the continuous nucleation of new
islands. From the fit to the data the correlation between the dot size and the capture area is obtained and the
number of deactivated nucleation sites is quantified.
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I. INTRODUCTION

The storage of electrical charge in silicon nanodots has
stimulated considerable effort to understand its mechanism
and utilize it to fabricate nonvolatile memorysNVM d
devices.1–6 The main advantage of using discrete charge stor-
age nodes, respect to the conventional continuous floating
gates, is the high reliability associated with the localized
traps. In discrete trap memories, in fact, a single leakage path
due to a defectsintrinsic or stress inducedd in the oxide can
only discharge a single storage node. Among the other meth-
ods of synthesis, like ion implantation or aerosol, a well
established way to obtain Si quantum dots for application in
NVM is the chemical vapor depositionsCVDd, because it is
fully compatible with standard integrated circuit technology
and the deposition parameters are well controlled. Moreover
the stoichiometric SiO2 matrix allows one to obtain electri-
cally isolated storage nodes. Many results exist in literature
on the tunability of the CVD process, through the deposition
parameters,1,7,24 or substrate pretreatments,8,9 in order to ob-
tain high Si nanodot density and controlled size, which are
important requirements for the device application. Together
with the dot density and size, the distance between the dots is
also a fundamental parameter, because it has a direct impact
on the robustness of the device, with respect to the defects in
the tunnel oxide.10 The charge transfer mechanism between
the dots, in fact, actually contributes to the charge dispersion,
all over the gate, and to the consequent loss of the stored
information. So it is important to fully understand the
mechanisms which govern both the final dot size and the
spatial distribution. Previously we have reported a systematic
experimental observation on the size distribution11 and the
interdot distance12 at several deposition temperatures, times
and chemical substrate pretreatment of Si dots obtained by
CVD on SiO2. The results indicate that new Si dots continu-
ously form on the substrate, also after long deposition times,

hence at high substrate coverage. The silicon dots are found
to preferentially nucleate at distances longer than at least
4 nm from the edge of existing dots. Similar results are also
found by covering the dots with a cap layer of CVD SiO2, by
changing the deposition temperature, the oxide thickness and
the chemical conditions of the substrate before the
deposition.13 These results evidence the existence of a cap-
ture zone centered around each dot, within which the silicon
adatoms are preferentially captured by the pre-existing dot
rather than aggregate to form a new nucleus. The silicon
adatom, in fact, after the dissociation from the SiH4 molecule
on a physisorption site of the surface, can contribute either to
the formation of a new island, but also to the growth of a
pre-existing dot via surface diffusion. These local fluctua-
tions in the environment of the silicon islands are neglected
in the classical mean field nucleation theory, but play a role
in the final size and spatial distribution of the dots. In the
preceding work cited above we have shown that this theory
can fit very well the dot size distribution, but fails in the fit of
the nearest-neighbor edge distance distribution. Many theo-
retical approaches exist in literature on the adatom capture
mechanism, and the simulation results have been well com-
pared to experimental data relative to Ga clusters on GaAs
substrates,14 and Sn,15 Ge sRef. 16d or AlQ3 on Si
substrates.17 All these data, however, refer to materials ob-
tained through high vacuum evaporation methods. The mod-
eling of the silicon nanoclusters formation by CVD however
has not found much popularity in literature, with respect, for
example, to the synthesis through ion implantation, because
of the many parameters ruling the nucleation of the Si is-
lands sadatoms diffusion, evaporation, local deactivation of
nucleation sitesd, which exclude the possibility to use the
classical mean field nucleation theories. Moreover the weak
contrast difference between the silicon and the silicon diox-
ide, during TEM imaging, gives rise to the experimental dif-
ficulty of characterizing silicon nanostructures formed on, or
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embedded in, silicon oxide, with proper high resolution and
large statistics. Many interesting experiments have been pro-
posed in literature in order to characterize these structures,
like, for example, decorating the surface of the silicon nan-
odots through ion implantation of foreign materials.18 The
present work is a structural characterization of silicon nano-
clusters formed by chemical vapor deposition. The character-
ization is performed at very high spatial resolutions0.5 nmd,
by using energy filtered transmission electron microscopy
sEFTEMd, which couples standard TEM analysis to the com-
positional information obtained by in situ electron energy
loss spectroscopy. The main aspects related to the character-
ization of the Si dots through EFTEM, like the imaging con-
ditions, the identification of the Si respect to the SiO2 and a
comparison with the results obtained from other experimen-
tal techniques, are already reported elsewhere,19,20 and are
summarized in the next paragraph. The experimental mea-
surements obtained by EFTEM on the dot size and nearest-
neighbor edge distances are reported in the “Results and Dis-
cussion” section. The calculations of the capture zone
patterns, obtained through a method which takes into account
also the dot size dispersion due to the continuous nucleation,
are also presented. The dependence of the final dot size on
the available capture size is presented for several substrate
coverage. The experimental data, new in literature at our best
knowledge, are discussed with respect to a model based on
the modification of the Voronoi tessellation. The fit to the
data provides the number of nucleation sites deactivated by
the silicon adatom capture mechanism.

II. EXPERIMENT

The reactor used for the nanodot synthesis is a rapid ther-
mal CVD sRTCVDd system with air cooled tungsten lamps
that allow temperature transitions on the surface of the wa-
fers as fast as 50°C/s, while maintaining the walls of the
deposition chamber at much lower temperatures. The Si dots
were deposited on 8 in. oxidizedp-type Si substrates with
wet oxides of 10 nm of thickness. The depositions are oper-
ated at temperatures between 500 °C and 550 °C, at cham-
ber pressure of 80 Torr, with SiH4 as Si precursor and with
H2 as carrier gas, with a total gas flux of 9.3 l /s, and with a
SiH4 flux of 0.4 l /s. In order to characterize the Si nanodots
several characterization techniques have been exploited like
scanning electron microscopysSEMd equipped with field
emission gun, atomic force microscopysAFMd with sharp
tips, high resolution TEMsHRTEMd, dark field sDFd, and
energy filtered TEMsEFTEMd. A special attention has been
devoted to this point because of the difficulty to identify the
silicon phase of the dots respect to the oxide phase of the
substrate. The results of the investigation have been already
reported elsewhere.19 The main result of this study is that if
another chemical element is covering the Si dots AFM or
SEM show some limits, because it is not possible to distin-
guish between the silicon phase and the shell of foreign ma-
terial, so the dots appear with larger size than the real one. In
studying Si nanodots on SiO2 also the HRTEM and DF show
limits, since these methods generally require to have the Si
dots in the crystalline phase, rather than in the amorphous

one. Moreover, even if the dots are crystalline, in order to
observe the lattice planes, the dots must be in Bragg condi-
tions, i.e., properly oriented respect to the electron beam.
This greatly restricts the number of dots visible during the
analysis. To study the morphology of samples with very high
numbers of small Si dots, crystalline or amorphous, and de-
posited on oxidized Si substrates, we have found that a suit-
able technique is the energy filtered TEMsEFTEMd. It
couples a very high spatial resolutions0.5 nmd to a compo-
sitional information obtained by in situ electron energy loss
spectroscopy. This analysis has been carried out by using a
JEOL JEM 2010F TEM operating at 200 kV accelerating
voltage and equipped with a field emission gun. The energy
filtering system is a Gatan GIF based on a magnetic-prism
spectrometer and a 2k32k multiscan CCD camera. The
energy-selecting window used to image the Si nanocrystals is
4 eV centered at 16 eV energy loss, i.e., close to the Si bulk
plasmon value. The contrast in this case is independent of the
phase of the dots, i.e., whether crystalline or amorphous. The
contrast difference between Si and SiO2 is due to the differ-
ence in plasmon energy loss of the two materials and this
will be detailed in the next section. The EFTEM plan view
micrograph obtained at 16 eV is elaborated by suitable com-
puter image processing and it is transformed in a black and
white image. The transformed images can then be analyzed
and the corresponding Si dot area and positions can be esti-
mated. The radius of each dot is taken asrd=ÎAd/p, where
Ad is the area of the dot. From the dot radius and the position
of its centroid, we also measure the nearest neighbor distance
d between the edges of the dots. The distributions have been
obtained by considering a statistics of about 500 dots per
sample.

A. Si dots oxidation

By means of EFTEM it is possible to identify the pres-
ence of a shell of oxide over the dots and to measure its
thickness. This is possible by taking images at 16 eV, close
to the silicon bulk plasmon loss value and at 26 eV, close to
the SiO2 plasmon loss value. Figure 1sad shows a EFTEM
micrograph in plan view of a Si nanodot sample subjected to
an oxidation process. The image is obtained by selecting
16 eV of energy loss. The white spots correspond to the sili-
con region on the sample. The same portion of the sample is
then observed at 26 eV, and the corresponding image is re-
ported in Fig. 1sbd. Now the white parts correspond to the
SiO2 regions, thicker respect to the substrate. In particular,
the white circles indicate two dots which have been partially
oxidized during the oxidation process. They appear with
larger size at 26 eV due to the presence of the SiO2 shell. By
comparing the two analysis it is possible to measure the ox-
ide shell thickness for each dot. For example, for the two
dots in the circle it has been found to be about 2 nm. At
26 eV it is also possible to evidence the presence of Si dots
which have been completely oxidized. The arrows in Fig.
1sbd indicate few examples of this situation. As it is possible
to observe the remaining SiO2 phase is well visible at 26 eV,
although the silicon phase has completely disappeared in the
corresponding regionsfarrows in Fig. 1sbdg. This analysis
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shows that completely oxidised Si dots, when present, are
clearly evidenced by EFTEM.

The experiments reported in the paper regard samples as
deposited and not subjected to any oxidation process. The
samples however have been exposed to the air, in the lack of
time sof the order of daysd between the deposition and the
analysis by EFTEM. In order to observe the oxidation of the
Si dot samples in air, we have systematically performed
analysis at 16 eV and at 26 eV on all the samples. Figure 1
reports a typical example of this analysis, obtained at 16 eV
scd and at 26 eVsdd. As it is possible to see the analysis at
26 eV shows a uniform background due to the SiO2 sub-
strate, thus indicating that there are no local variations in the
oxide thickness. This indicates that negligible oxidation has
been observed on these samples after deposition. The fact
that no oxidation is evident after air exposure seems in con-
trast with the well-known rapid oxidation rate of the Si in air,
responsible for the immediate formation of the 1.5 nm thick
native oxide. The contrast is probably only apparent. We
should consider in fact that the size of the Si dots here in-
vestigated is ranging between about 1 and 4 nm in radius,
i.e., structures very different from a planar surface. Small
dots of about this size, and subjected to oxidation processes,
have already been studied by other groups21–23 and a strong
retardation, respect to the planar Si, has been experimentally
observed also in these cases. This literature generally agrees
on the fact that, based on the experimental evidence, the
Deal-Grove model does not apply to the oxidation of Si nan-
odots. The responsibility for this behavior has been indicated
by these groups in the compressive stress appearing inside
the dot due to the volume difference of SiO2 and Si. This
compressive stress reduces the reaction rate for the Si nan-
odots surface oxidation.

B. Thermodynamical phase of the Si dots

Another important aspect is the study on the thermody-
namical phase of the deposited dots. It has been found by
diffraction analysis that the silicon dots are in the amorphous
phase up to 550 °C of deposition temperature. Figure 2
shows the diffraction patterns relative to samples of Si dots
after deposition at 550 °C for 90 ssad, and after annealing at
1000 C for 40 ssbd. The analysis has been performed in a
region where the Si substrate was not removed, and this al-
lows to show that the Si dots ring and the diffraction spots
due to the crystalline Si are at the same distance respect to
the transmitted beam. As can be seen in Fig. 2sad, the dif-
fraction pattern shows a wide ring indicating that no crystal-
line phases are present in the as deposited material, although
the sample has been deposited at the highest temperature
here investigated. After annealing the sample is crystallized,
as demonstrated by the image insbd, where the diffraction
ring, demonstrates the presence of small crystalline struc-
tures. The same result has been observed in Si dot samples
which have been immediately covered by a 7 nm thick CVD
oxide after deposition, thus suggesting that the amorphous
state is not the result of other ex-situ transformations. Other
results in literature report that by using low pressure chemi-
cal vapor depositionsLPCVDd operating at pressures of
about 200–300 mTorr,7,24 the as deposited silicon dots are
crystalline. This is in contrast with the results that we have
obtained in our samples. It should be however considered
that the samples here described are fabricated in a RTCVD
operating at very high pressuress80 Torrd and low tempera-
tures s500 °C–550 °Cd, with all the deposition parameters
tuned to guarantee very high speed of depositions0.05 nm/s
at 550 °C for 400 sccm of silane fluxd. The large difference
in the chamber pressure and in the deposition rate are prob-
ably responsible for the fact that the silicon dots do not
nucleate in the crystalline phase.

III. RESULTS AND DISCUSSION

Figures 3sad–3scd report the EFTEM micrographs in plan
view of the samples deposited at 500 °C for increasing
times, 600 s, 750 s, and 900 s, respectively. The white spots
represent the silicon nanodots on the silicon oxide substrate,
which is the dark background. As it is possible to observe
from Fig. 3 the number and the size of the Si dots increase
with the deposition time. Specifically the dot density in-
creases from 331011 cm−2 up to 731011 cm−2, reached af-

FIG. 1. EFTEM micrographs of a Si sample subjected to strong
oxidation, takensad on the Si, andsbd on the SiO2 plasmon loss.
The circles indicate two dots not completely oxidized. The arrows
in sbd indicate completely oxidized Si dots. Indeed, in the corre-
sponding regions the Si phase is not visible at 16 eVfarrows insadg.
scd and sdd EFTEM micrographs of a typical as deposited Si nan-
odot sample taken at 16 eV, and at 26 eV, respectively.

FIG. 2. Diffraction patterns relative to samples of Si dots after
deposition at 550 °C for 90 ssad, and after annealing at 1000 °C
for 40 s sbd.
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ter 750 s of deposition, and then, because of the impinge-
ment between the dots, it decreases to about 331011 cm−2.
The appearance of new Si dots during the deposition is a
strong indication that the nucleation process is continuous.
The covered fraction increases from 2% to almost 30%. Fig-
ure 4 reports the dot radius,rd fFig. 4sadg, and the nearest
neighbor edge distance,d fFig. 4sbdg, frequency distributions
for the samples deposited at 525 °C for 200 sssquaresd, with
coverage of 14.1%, and at 550 °C for 90 sscirclesd which
exhibits a coverage of 14%. The radius frequency distribu-

tions fsrdd have been obtained by a statistical analysis of 500
dots, and subsequent binnings20 binsd over the same radius
interval. The median values offsrdd are 2.2 nm in both cases.
Despite of the different deposition parameters, the two dis-
tributions relative to samples with similar coverage are very
similar. The dot size distributions are well fitted for all the
different coverage cases, by adopting a model of continuous
nucleation in the approximation of capillarity, modified to
take into account the dot coalescence contribution.25

Through the fit to the experimental data, an activation energy
for the nucleation process of about 0.3 eV is found.11 While
the dot size distribution is easily comparable for the two
samples, the spatial distribution of the dots presents a more
complicated behavior. Indeed, as it is possible to observe
from Fig. 4sbd, the number of dots which nucleates closer
than about 3–4 nm to other pre-existing dots, is very low. A
similar result is obtained by changing the oxide thickness, by
covering the dots with a 7 nm cap layer of oxide, and by
changing the surface chemical treatment before the
deposition.12,13 A possible explanation to the shape of the
fsdd can be related to a mechanism of Ostwald Ripening
sORd during the deposition. In order to quantify the possible
contribution to the depleted zone coming from OR during the
deposition, we have annealed the samples at the same tem-
peratures and times used for the deposition processes. After
annealing, the EFTEM analysis does not show any appre-
ciable change in the edge distance distribution of the dots,
for annealing temperatures up to 550 °C and for times
shorter than 900 s, respectively, corresponding to the highest
deposition temperature and longest deposition time here in-
vestigated. So it is possible to exclude the OR as responsible
for the peaked shape of the curves in Fig. 4sbd. These results
can instead be explained in terms of silicon adatom diffusion
and capture mechanisms. In particular the silicon adatoms,
obtained from the dissociation of the silane, before aggregat-
ing to form a new nucleus, can diffuse toward previously

FIG. 3. Sequence of EFTEM micrographs in plan view of Si
quantum dot layers, deposited at 500 °C for 600 s, with coverage
1.8% sad, 750 s for 14.7%sbd, and 900 s for 28%scd.

FIG. 4. Dot radiusrd sad and nearest neighbor edge distanced
sbd distributions for samples deposited at 525 °C for 200 s
ssquaresd, and 550 °C for 90 sscirclesd. Both samples show similar
substrate coverage of about 14%.
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nucleated clusters. So it is possible to define a capture zone
centered around every nucleus where all the silicon adatoms,
which fall within it, will preferentially contribute to the
growth of this nucleussfor a complete review see, for ex-
ample, Ref. 26d. In this condition the new nucleation event in
the depletion region around each dot is strongly reduced and
the nucleation site deactivated. As they spread with time, the
capture zones may overlap adjacent active nucleation sites
on which nuclei have not yet formed.27 One of the theoretical
approaches present in literature simulates such a capture
zone by using the Voronoi tessellation,28 for each dot it can
be defined a boundary enclosing all the intermediate points
lying closer to the center of this dot than to other points on
the substrate. In this way the growth rate of each dot is
limited by the diffusion of the deposited monomers, and de-
pends on how much free substrate it has in its immediate
neighborhood. Figure 5sbd reports an example of the Voronoi
tessellation relative to a sample deposited at 550 °C for 90 s.
The pattern has been obtained by considering the dot cen-
troid and radius obtained from the analysis of the EFTEM
image in plan view of the samplefFig. 5sadg. The dotted
circles in the Fig. 5sbd have been superposed on to the
Voronoi lattice, after the calculation of the pattern, and rep-
resent the Si dots, approximated to circles, with their cen-
troid. As it is also possible to observe in Fig. 5sbd, small
nuclei have Voronoi polygons of sizes similar to the ones of
large nuclei. So large dots could tend to outgrow their
Voronoi polygons, spilling over into the polygons of smaller
neighbors. For this reason the Voronoi tessellation provides a
good interpretation of the experiment only in the heteroge-
neous nucleation case, where the nuclei form almost at the
same time in the very early stages of the deposition, and the
dot growth proceeds by only including adatoms falling in
each own capture zone. In this case the dot size distribution
appears very sharp. In our case, the formation of new nuclei
during the deposition, i.e., the increment in the dot density
with the deposition time, as discussed for Figs. 3sad and 3sbd
is a clear indication that the nucleation process is continuous.
As a consequence, the Voronoi approach cannot provide a
realistic interpretation of the dot growth process. In the case
of homogeneous nucleation, in fact, it should be also consid-
ered that late nuclei do continue to form, and they are sur-
rounded by dots of significant extent, which reduce the area
of their capture zone. So in the case of homogeneous nucle-
ation it has been proposed that the boundary of the true cap-
ture zone lies at the center of the edge distance between the
dots.29 In order to properly quantify the monomer diffusion
contribution, the capture zone pattern has been calculated for
all the investigated cases. Figure 5scd reports the one relative
to the sample imaged in Fig. 5sad. Also in the case of Fig.
5scd the circles representing the dots have been superposed,
as a guide for the eye, in order to easily compare the dot size
to its capture size.

As it is possible to note from the comparison with Fig.
5sbd, late nuclei have capture zones smaller than their
Voronoi polygons, as expected. Moreover the boundaries of
the capture zones are slightly curved rather than straight
lines, because they follow the dot boundary. The dots at the
boundaries of the figures, because of the contribution of the
dots falling out of the observed region, presumably have cap-

ture areas smaller than the ones obtained by the calculation,
so they have not been taken into account in all the following
calculations. By using the capture zone size calculated with
this method we obtain very good correlation with the radius
size, as displayed by the graphs reported in Fig. 6 as ex-
amples. They show the scaled dot radiusrd/ krdl as a function
of the corresponding scaled capture radius,rC/ krCl, for the
samples deposited at 550 °C for 90 sfFig. 6sadg, and 550 °C
for 100 sfFig. 6sbdg. The samples, respectively, show a cov-
erageu of 14% and 14.5%. As it is possible to observe, the

FIG. 5. sad EFTEM micrograph in plan view of a Si quantum
dot layer, formed at 550 °C for 90 s,sbd computed Voronoi tessel-
lation, andscd capture zone pattern.
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scaled dot radius increases with the scaled capture radius,
and the data lie close to the graph bisectrix. The data points
do not pass for the graph origin. This can be addressed to the
finite size of the smallest dot observed in our measurements
srdø0.5 nmd, and its relative capture area. It has however
been found that by removing from the calculations all the
dots with radiusrd=0.9 nm, which corresponds to intention-
ally increase the minimum observed dot radius, the results of
Fig. 6, and also the following calculations, do not show im-
portant differences. The results of Fig. 6, relative to samples
with coverage going from 14% to 14.5%, suggest that the
dependence of the scaled dot radiusrd/ krdl=rd8 on the scaled
capture radiusrC/ krCl=rC8 increases as a function of the cov-
erage. In fact, we have computed the capture zone pattern for
all the samples and followed the dependence ofrd8 on rC8 , i.e.,

rd8 = ksrC8 ds, s1d

for several coverage and before the strong coalescence takes
place. By using the following equation, log10srd8d=log10skd
+slog10srC8 d, the dependence ofs on the substrate coverage
u has been obtained, and the results are reported in Fig. 7.
The dotted and solid lines plotted in the graph represent the
values of s when the scaled dot volumef~srd8d

3g or the
scaled dot areaf~srd8d

2g, respectively, depend on the capture
area. As it is possible to see from the data of Fig. 7,s
increases as a function of the coverageu and tends to satu-
rate at aboutu=25%. Foru,5%s exhibits very low values,
and this suggests no correlation between the dot radius and
the capture zone. For coverageuù5 howevers shows in-
creasing values and this suggests that the effect of the cap-
ture zone increases. Atu.6% we obtains=0.66, which
indicates that the normalized dot volume depends on the nor-
malized capture areafthree dimensionals3Ddg. The normal-
ized dot area depends on the normalized capture areaftwo
dimensionals2Ddg for u.8%. Despite of the different syn-
thesis conditions, samples which have similar coverage ex-
hibit also similar values ofs. This is demonstrated by the

points atu.14%, which correspond to samples deposited at
525 °C s200 sd, 550 °Cs90 sd, and 500 °Cs750 sd, respec-
tively. This indicates that the parameter which governs the
self-similar properties of the dot growth process is the cov-
erageu. The linear correlation coefficient obtained from the
fit to the data has been measured and it increases as a func-
tion of the coverageu, ranging between 0.8 and 1 for
uù8%, i.e., in the range where the capture zone governs the
dot growth process. From the fit to the experimental data we
have also found a value ofk fsee Eq.s1dg similar for all the
samples, and this value is about 0.9, which gives rise to the
following expression for the scaling behavior observed in
this experimentrd8=0.9srC8 ds.

In order to fit the data relative to the dot radius distribu-
tion fsrdd, it has also been shown, for nonrandom nucleation
simulated processes, that if we rescale each distribution us-
ing the time-dependent length scale factor,rd/ krdl=rd8, the
fsrd8d can be fitted by the following expression:

Fsyd =
br

br

Gsbrd
ybr−1 exps− bryd, s2d

where y is the scaled dot radiusrd8 and br is a free
parameter.29 Figure 8 reports, as an example, the scaled ra-
dius distributions for the samples deposited at 500 °C for
750 ssad and at 550 °C for 80 ssbd. The solid lines represent
the fit results obtained by Eq.s2d with br =8. As it is possible
to observe, the curves fit the experimental data with very
good agreement. This confirms that the Si dots formation
process is not fully random and that the system evolves by
self-ordering, albeit only partially. By numerical simulations,
it has been found thatbr =8 corresponds to a Voronoi net-
work where 30% of initially random points are excluded
from the system and then deactivated like possible nucle-
ation sites by the nearest neighbor exclusion mechanism.
As a confirmation of the correctness of the fit procedure
applied in Fig. 8, the values forbr obtained from the fit, have
been compared to the polydispersity ratio, defined as
krdl2/stdr

2, between the mean valuekrdl and the variancestdr
2

of fsrdd, and the results are reported in Table I. The compari-
son shows that the values obtained from the two procedures
are in very good agreement. This confirms that the analytical
form of the fsrdd is well described by aG function. The
observed deviation at high coverages15% and 28%d is at-

FIG. 7. Correlation betweens defined as log10srd8d=log10skd
+s log10srC8 d as a function of coverageu. The values ofu for a two-
and three-dimensional dependence ofrd8 from srC8 d2, i.e., from the
scaled capture area, are indicated by the solid and dotted lines,
respectively.

FIG. 6. Correlation between the scaled radius of the Si dot
rd/ krdl and the scaled capture radiusrC/ krCl, for the samples de-
posited at 550 °C for 90 s with 14%sad and 550 °C for 100 s with
14.5%sbd.
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tributed to the following reason: when two capture zones
overlap the respective dots impinge each other, and the ra-
dius of the final dot is taken as the sum of the two dots radii.
This produces a fictitious increase of the size dispersion, i.e.,
an increase of thefsrdd FWHM curves. This is typical of
random nucleation process where the exclusion zone does
not play a role.17 The impingement event increases with the
coverage. The probability to have a dot pairs at substrate
coverage of about 15%, or 3 impinged dots at coverage of
about 30%, is about 10%. So the relatively high probability
to have impingement events gives rise to the observed low
values ofbr.

There is another aspect of relevance, which should be
discussed. The values ofbr found in the range of coverage
where the coalescence probability is negligible, are high also
at coverage lower than 5%. In this range however no corre-
lation of the dot size with the capture radius has been found,
as demonstrated by the results of Fig. 7. This apparent dis-
crepancy can be explained with the possible contribution of
the monomer evaporation during the deposition, which in the
calculation of the capture sizes has not been taken into ac-
count. It should be considered, in fact, that for very low
coverage the dots are quite distant from each other. Since the
mean free path of the diffusing monomers is extremely short
compared to the interisland separation, at low coverage the
monomer can evaporate, rather than contributing to the dot
growth.30 In such a situation, all the monomers falling within
the effective capture zone, will contribute to the dot growth
process, thus giving rise to the scaling characteristic of the
fsrd8d, and to the high value ofbr. The monomers which fall
outside of the effective capture region can either contribute
to a new nucleation event or evaporate. So at very low cov-
erage the real capture size could be smaller than what we
have calculated. This leads, in this range of very low cover-
age to a poor correlation between the calculated capture size

and the dot size, hence to the low values ofs ssee Fig. 7d. On
the other hand, this mechanism gives rise to a dot size dis-
tribution typical of self-similar systems, hence to the good
correlation between the data points and the fitssee values of
Table Id, because the monomer diffusion within the effective
capture region is still taking place. In the range of coverage
where the evaporation is negligible, we can estimate the Si
adatoms diffusivity on the SiO2 substrate. By approximating
the length the adatoms must make before aggregating onto
the dot to about one-half the minimum edge distance,kdl /2,
and by taking into account the lowest deposition time where
appreciable nucleation is found, we estimate through the
Einstein relation, a lower limit for the adatom diffusivity of
about 2310−16 cm2/s.

IV. CONCLUSIONS

In conclusion, a suppression of the nucleation of Si nan-
odots is observed in the neighborhood of pre-existing dots
during RTCVD. This is attributed to the silicon adatoms cap-
ture mechanism during the deposition. The calculation of the
capture zone in case of continuous nucleation is performed.
A correlation between the final dot size and the available
capture zone is found and this effect is shown to increase
with increasing the substrate coverage. No role of the capture
zone is observed at very low coverage due to the adatoms
evaporation contribution. The data on the dot size distribu-
tion are fitted by using a scaling model based on the modi-
fication of the Voronoi tessellation. From the fit to the data a
very high percentages30%d of nucleation sites of the sub-
strate is found to be deactivated by the nearest neighbor ex-
clusion mechanism.
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TABLE I. Comparison between the values ofbr obtained from
the fit of the frequency distributionfsrd8d relative to the scaled dot
radius, through the equationFsyd=fbr

br /Gsbrdgybr−1exps−bryd, and
the polydispersity ratiokrdl2/stdr

2 between the first two moments of
the frequency distributionfsrdd relative to the dot radius.

Coverageu br krdl2/stdr
2

0.018 7 8

0.027 7 7

0.065 8 8.2

0.083 7 6.7

0.140 6 6

0.141 8 7.3

0.145 8 7.8

0.150 5 3.7

0.280 4 3
FIG. 8. Distributions of the normalized dot radius,rd/ krdl, for

the samples deposited at 500 °C for 750 s, with coverage of 14.7%
sad and at 550 °C for 80 s, with coverage of 6.5%sbd. The solid
line represents the result of a fit of the normalized dot radius distri-
bution using the functionFsyd=fbr

br /Gsbrdgybr−1 exps−bryd, with
br =8.
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