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Ordered coalescence of Si nanocrystals in SiO
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The microstructure of the Si nanocrystdlSi n¢ has been investigated using conventional and high-
resolution transmission electron microscqpiRTEM). For most of the nanocrysta(s>90%) larger than 10
nm, HRTEM observations show that they are formed by the coalescence of smaller ones. Two kinds of
coalescence, one being the preferential attachments of small particleg1d thiacets of a seed nanoparticle,
and the other being an ordered combination of two or more small nanocrystals with appropriate orientations,
have been observed.
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Si nanocrystalgSi ng embedded in a SiOmatrix have ion thinning. Dark-field examination was carried out on a
attracted much interest as a candidate system to act as &tilips CM30 microscope operating at 300 kV. HRTEM and
efficient light emitter. Although the physical mechanism for electron energy-loss spectroscoflyELS) were performed
the light emission remains unclear, a lot of progress has beewsing a JEOL JEM 2010F scanning transmission electron
made in both the preparatibrtand characterizatidn®of the ~ microscope(STEM) operating at 200 kV and equipped with
Si nc. In order to better understand and control the physica Gatan imaging filte(GIF). o .
properties of the Si nc, it is fundamental and necessary to Figure Xa) shows a typical dark-field image of the speci-
study the main factors that affect the crystal growth and mimen, which was recorded using2 2 0 diffraction ring of
crostructure development of these nanocrystals. For thi!® Sinc. From Fig. @), it can be clearly seen that a layer of
nanocrystals embedded within a matrix, the coarsening ig! NC IS émbedded in the SGilm, starting at a depth of

usually attributed to Ostwald ripenifign which the crystal about 50 nm from the surface and extending for a thickness

growth takes place by diffusion of atoms between neighborpf about 240 nm. The Si nc range from 2 to 22 nm diam., and

ing nanocrystals. Recent studie® of TiO, and ZnS nanoc- the nanocrystals in the middle regi@region Il) of the layer

i . are larger than those near the free surfa@egion | or the
rystals growing under hydrothermal conditions have Showrbottom of the laye(region Ill). The peculiar size distribution

that the oriented attachment or coalescence plays an impog gue to the implantation process, which can produce a
tant role in the coarsening of nanocrystals. In addition, the;ayssian-shaped Si concentration depth profile in the SiO
coalescence of small particles by twinning was also reportegiith a peak excess concentration of Si in the middle region
in FePt nanocrystafs:*? In the process of the oriented at- of the implanted layer. This is also in agreement with the
tachment or coalescence, the nanoparticles can themselvgsnulated depth profile by using the computer code SRIM.
act as the building blocks for crystal growth. However, for To confirm the composition of these nanocrystals, EELS was
the Si nc embedded in a matrix such as Sialescence or carried out in the regions with and without the nanocrystals.
oriented attachment has not been observed using higlFigure ¥b) shows the background-subtracted EELS spectra
resolution transmission electron microscdpiRTEM). with the SilL, 3 edges obtained from a region with Si nc
In this Rapid Communication, we report the conventional(lower panel and from a region without Si n@pper panel
and HRTEM observations of the Si nc produced in a;SiO It is known that thel, 3 edge of pure Si appears at about 99
film by ion implantation and annealing. The Si nc range fromeV with a peak at 100.8 eV; however, the ; edge of SiQ
2 to 22 nm diam., and have a peculiar size distribution withhas a small peak at 106 eV and two Iargé peaks at 108 and
the depth of the implanted layer. For most of the nanocrystalg15 eV!® The peak I(at about 100.8 eVin the lower panel
larger than 10 nm, HRTEM observations show that they ar@f Fig. 1(b) confirms that the composition of the nanocrystals
formed by the coalescence of smaller ones. Two kinds ofs pure Si.
coalescence, one being the preferential and ordered attach- To clarify the peculiar size distribution of the Si nc in this
ments of small particles to thg 11} facets of a seed nano- sample, extensive HRTEM investigations were carried out. It
particle, and the other being an ordered combination  has been found that there are no evident microstructural de-
{111} twinning) of two or more small nanocrystals with ap- fects inside the Si nc smaller than 5 nm, and single twins are
propriate orientations in SiQhave been observed. The high dominant in the Si nc with diameters from 6 to 10 A#in
concentration of Si ions is essential for the coalescence. this paper, we focus on the HRTEM observations of the Sinc
The Si nc were produced by a high-da@e< 10" cm™)  larger than 10 nm. The Si nc are stable under the 200-kV
implantation of Sf into SiG, film and annealing1100 °Q. electron beam, and the exposure time for every HRTEM im-
For a detailed experimental procedure, see Ref. 13. Thege is very shor(0.5 9.
specimens for TEM examination were prepared in a cross- Figure 2 shows an example of the coalescence originating
sectional orientatior{{011] zone axis for the Si substrate from the attachments of small particles to fié1} facets of
using conventional techniques of mechanical polishing ana tetrahedral nanocrystal. The coalesced nanocrystal consists
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FIG. 2. HRTEM image of a coalesced nanocrystal, showing the
attachments of small particles to th&ll} facets of a tetrahedral
nanoparticle.
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FIG. 1. (a) A typical DF image of the sample with implantation
dose of 3x 10'/cn?; (b) EELS spectra acquired from the regions
with the Si nc and without the Si nc.

of three bigger nanograins and one smaller nanograin. When
viewed along thg011] direction, the nanograil) can be
clearly seen as a triangle with facets of t{id 1} planes and

one (100 plane. All the nanograins are connected{t§1}
twinning. The twinned-epitaxially growth of CdS nanocrys-
tals to the{111} facets of a tetrahedral HgS nanocrystal was
also reported®!” Because the nanograin | has a high sym-
metry, it can act as the seed nanocrystal for the coalescence.
Although the seed nanocrystal has two kinds of fafgts1}

and (100 faced, however, not all the facets are suitable for
coalescence. The attachments only take place odl1th#
planes, and there is no nanograin attached @®) plane. In
nanograin Il, there is an intrinsic stacking fa(itidicated by

the arrow labeled with SF in Fig.) parallel to the twinning

241 II, lli: Si-L, ; from SiO, matrix . . _

20- ticle with facets. In Fig. 8), we can see that the coalesced
16} nanocrystal is composed of at least 10 smaller nanograins, all
12] I joined by{111} twinning. Nanograin | has a projected shape

n (along the[011] direction of an approximate diamond with
facets of fou{111} planes, and the coalescence is thought to
take place by the attachments of the smaller nanograins to
Y the {111} planes of nanograin I. All the nanograins are self-

FIG. 3. (a) HRTEM image of a coalesced nanocrystal, showing

plane(111). The facets of the nanograin | and shapes of thene preferential and ordered attachments of small particles to the

nanograins are also illustrated in Fig. 2.

{111} facets of an approximate-diamond-shaped nanopartible;

Figure 3 shows another example of the coalescence origHRTEM image of the same nanocrystal recorded under different

nating from the attachments of small particles to a nanoparfocus condition.
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arranged by twinning in an ordered way. In the middle of the
coalesced nanocrystal, there is a threefold multiple twin. The
triple twin has not been observed in the Si nc before, and the
formation of the observed threefold multiple twin can be
attributed to the coalescence of three small nanocrystals by
{111} twinning. Due to the large size of this nanocrystal, it is
hard to focus the whole nanocrystal in one image at the same
time. The facets and shapes of the component nanograins are
also illustrated in Fig. &). Figure 3b) shows the HRTEM
image of the same nanocrysfat Fig. 3(a)] recorded under
different focusing conditions. It can be clearly seen from Fig.
3(b) that nanograins 2 and 6 are connected by nanograin 4
(with six atomic planes and nanograins 5 and 9 are joined
by nanograin 7 with only four atomic planes. In addition,
nanograins 6 and 8 form a single-twin boundary, and nan-
ograins 3 and 5 also produce a single-twin boundary.

From the above HRTEM results, it is very clear that the
{111} faceting plays an important role in the coalescence of
some nanoparticles. It is worth noting that only tfid1}
planes are preferential for the coalescence or attachment,
while there is no attachment to tfi£00 planegFigs. 2 and
3(a)]. The precise role of facets on the nanoparticle surface
in the coalescence process is a subject of current interest.
Both experiment$ and computer simulatioh% on two-
dimensional islands suggest that the presence of facets can
be effective in slowing down the coalescence process. Here
the observed100) facets indeed act as an obstacle for further
coalescence, and the nanocrystal preferentially grows
through{11%} twinning. This can explain why the morphol-
ogy or shape of some nanocrystals is only elongated along
one dimension. For the nanocrystals growing through Ost-
wald ripening, their shapes are usually spherical. Here the FIG. 4. HRTEM image ofa) two nanoparticlesin appropriate
elongated shape of the large Si nc provides another favorabt@ientatior) about to combine togetheit) the combination of three
evidence for the coalescence. nanoparticles, showing the existence of twins and stacking fault.

Besides the observation of the coalescence originating
from some nanoparticles with facets, two or more nanocrysenergy optimization of the boundaries between the primary
tals (without facety in appropriate orientations are also hanograins. In the cubic closed-packed Si crystal,{fiid}
found to be able to combine together throdghl} twinning.  planes are the faces with the lowest surface enésgy11)
Figure 4 shows some examples of the coalescence of two ar1.23 J/n?),?° so it is understandable that all the nanocrys-
more nanocrystals in appropriate orientations. Figui@ 4 tals are coalesceda {111} twinning. It was reportet?! in
shows two nanocrystalavith diameter of about 5 njnare  the nanocrystals growing under hydrothermal conditions that
about to combine together by twinning. An amorphous layeimperfect oriented attachment or coalescence can produce
of SiQ, can also be seen clearly between these nanocrystaldefects in the coalesced crystal, which often mark the origi-
They are both oriented along tH811] direction with the nal boundaries between component nanocrystals. Here the Si
{111} planes approximately parallel to each other. Thisnc in SiO, matrix exhibit a similar character for coalescence,
clearly shows that only those with similar orientations haveand the twin planes in the Si nc can be regarded as the
better chance to coalesce. Further evidence is shown in Figriginal boundaries between the component nanocrystals.
4(b). Figure 4b) shows that two nanograins 1 and(@ne From the HRTEM analyses, it can be clearly seen that the
smaller and the other biggeare connected by nanograin 2 formation of the large Si nédimension>10 nm is due to
with twinning. The parallel white lines in nanograin 2 show the coalescence of smaller ones. During the coalescence pro-
a deviated atomic sequence, which is a characteristic for eess, two or more nanoparticles combine to form a larger
stacking fault(SF. A closer examination of this SF shows particle without the dissolution of any primary particle.
that it belongs to an intrinsic SF. The intrinsic 8Rdicated  Therefore, the growth by coalescence is controlled by the
by an arrow labeled with SFs parallel to thg111} twinning  probability of contact between nanoparticles in appropriate
plane. In a previous papéta double-twin structure was re- orientations(here the primary nanoparticles are all oriented
ported, and it can also be regarded as a coalescence of thraleng the[011] direction. This suggests that the growth by
nanopatrticles. coalescence is related to the number of the initial particles

It is found from our HRTEM observations that all the with appropriate orientations in a given volurtie., the con-
primary nanograins are preferential to attaching or combineentration of the nanoparticlesThis is consistent with the
ing together by{111} twinning. This can be explained by the implantation conditions(a high implantation dose of 3
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X 107 cm?) we used to produce the Si nc in this sample.type) was observed for the samples annealed for less than 25
Because the Si concentration is lower in the region near thein. It indicates that a longer annealing time is also impor-
free surface and bottom of the implanted layer, the probabiltant for the appearance of faceting for the Si nc.
ity for the coalescence is reduced and the growth of the small |n conclusion, we present the HRTEM evidence for the
Si nc is dominated by Ostwald ripening. This could explaincoalescence of small Si nanoparticles by twinning. For most
why the smaller Si nc mainly exist in the wingeegions | of the Si nc(>90%) larger than 10 nm, HRTEM observa-
and III) while the Iarge_r ones are prgdominantly located iNtigns show that they are formed by the coalescence of
the middie region(region 1)) of the implanted layer, s gsmaller ones. Two kinds of coalescence have been observed,
shown in Fig. 1a). o one being the preferential and ordered attachments of small
The effect of the annealing time and temperature on teaticles to the{111) facets of a seed nanocrystal, and the
coalescence process was also studied. In addition to 1100 *Giner being an ordered combinatidioy {111} twinning) of
another two annealing temperatu(®00 and 1000 “Cwere o or more small nanocrystals in appropriate orientations.
also tried. It has been found that a high annealing temperay|| the coalesced nanocrystals have an elongated morphol-
ture (1100 °Q is crucial for the appearance of the coales-oqy The high concentration of ‘Sand high annealing tem-
cence. For the samples annealed at lower temperatures, Brayre are essential for the appearance of coalescence. The

evident coalescence was observed. In addition, the annealirpgng annealing time is important for the appearance of face-
time also plays an important role in the coalescence of thgnq.

small nanoparticles. Three samples with annealing times of

5, 15, and 25 min, respectively, were studied. It has been This work has been supported by NanoQuébec and the
observed that the coalescence begins in the samples with &atural Science and Engineering Research Council of
annealing time of around 10 to 15 min, and further coalesCanada(NSERQ. The authors thank G. Botton and Fred
cence happens in the sample with an annealing time of 2Bearson from McMaster University for their assistance in the
min. Note that only one kind of coalescen@e second collection of EELS spectra.
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