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180 nm SiO2 layers on Sis100d were implanted with Sn ions producing a profile with a peak
concentration of 3 at. % at the middle of the oxide. After high temperatures900–1100 °Cd annealing,
an array ofb-Sn islands epitaxially attached to the Si was observed at the SiO2/Sis100d interface
due to the migration of the implanted Sn atoms. The breakdown of the planar SiO2/Si interface and
the appearance of the island system is discussed in terms of the Sn–Si equilibrium properties. Our
results reveal a new method to create a high density of nanosized islands with good uniformity in
size and shape. ©2005 American Institute of Physics. fDOI: 10.1063/1.1927710g

The implantation of Sn ions into SiO2/Si films has been
studied in connection with the formation of nanostructures
exhibiting intense visible and ultraviolet photoluminescence
sPLd. The PL was associated to oxygen deficiency centers
created during the implantation and annealing processes,1,2

very probably assisted by the development of the nanopar-
ticle system.3 In addition, the formation of a rather dense
array of Sn rich nanoparticles presenting a narrow size dis-
persion and located within the oxide but very close to the
SiO2/Si interface has been observed and considered of po-
tential interest for flash memory applications.4 This peculiar
microstructure evolution behavior has been explained in
terms of collision damage caused by the ions or the oxide
atom recoils at the interface.5 More recently, it has been
shown that the annealing atmosphere also influences the mi-
crostructure development of Sn+ implanted silica layers,6,7

with significant effects in blue-violet PL response.7

This letter demonstrates an additional aspect of the mi-
crostructure evolution of the Sn+ implanted silica layers. In
particular, we report on the formation of a rather dense array
of nanosized epitaxialb-Sn islands presenting flat tops and
rather steep edges at the interface of SiO2/Sis100d layers.
Our method contrasts with those based on layer-by-layer
deposition methods on free surfaces, which require a rigor-
ous control of surface contamination and ultrahigh vacuum
conditions. The formation of theb-Sn islands is discussed in
terms of the solubility and diffusivity of the Sn–Si system.

SiO2 films 180 nm thick were thermally grown on crys-
talline Si s100d substrates in a dry ambient at 1000 °C. These
films were implanted at room temperature with 200 keV Sn
ions to a fluence of 1.531016 cm−2, producing a Gaussian-
like Sn concentration-depth profile with a peak concentration
of <3 at. % at a depth of<90 nm from the surface. Postim-

plantation thermal annealings were performed in the 900–
1100 °C temperature range by conventional furnace process-
ing in dry N2 ambient for 30 min. The concentration-depth
distribution profiles of the Sn atoms were determined by Ru-
therford backscattering spectrometrysRBSd and the obtained
nanostructures were investigated by transmission electron
microscopy sTEMd using cross-section and plan-view
samples prepared by ion milling. The plan-view samples
were also chemically thinned to reduce the oxide thickness,
allowing a better observation of the SiO2/Sis100d interface
region.

Figure 1 shows the thermal evolution of the Sn
concentration-depth profile in the implanted samples, as
given by RBS measurements. With increasing temperature,
the Sn profile redistributes and, for 1000 and 1100 °C, a
conspicuous accumulation of about 20% and 35% of the total
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FIG. 1. Sn concentration-depth profiles obtained by RBS for the as-
implanted and annealeds900, 1000, and 1100 °Cd samples.
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Sn content takes place at the SiO2/Si interface, respectively.
The Sn atoms remaining inside the SiO2 film are associated
with the presence of nanoparticlessFig. 2d. After annealing at
900 °CfFig. 2sadg, the co-existence of two systems of nano-
particles is observed. The first one consists of large particles
smean diameter around 20 nmd presenting a crystalline Sn-
rich core and a poly-crystalline halo containing SnOx

nanoparticles.7 The second system is composed of a denser
array of nanoparticles with typical diameters from 2 to 4 nm.
At 1100 °C fFig. 2sbdg, the larger particles have further
coarsened and are the only ones present inside the film.
Moreover, a dense array of acute structures is clearly ob-
served at the SiO2/Si interface as shown in Fig. 2sbd. These
structures show a strain-induced contrast within the Si sub-
strate suggesting the buildup of a misfit-induced strain field.

Details of the interface nanostructures are shown in Fig.
3. It shows cross-section high-resolution TEM images of is-
lands formed upon annealing at 1000 °CfFigs. 3sad and
3sbdg, and at 1100 °CfFigs. 3scd and 3sddg. The lattice im-
ages were obtained with the substrate aligned along thef011g
axis parallel to thes100d surface plane. They show epitaxial
islands emerging from the Si substrate. The insets in these
figures are fast-Fourier-transformsFFTd patterns of the is-
land images. These patterns are well fitted by simulations
which assume ab-Sn structure8 and the corresponding Miller
indices are given in Fig. 3. Particles with several different
orientations relative to the silicon substrate were observed.
Figures 3sad and 3scd give examples of particles with the
f100gb zone axis parallel to the electron beam. In these par-
ticles, thef023gb axis is closely parallel to thef100gSi one.
Figures 3sbd and 3sdd show particles with a different orien-
tation relationship with the substrate. The FFT patterns of
these particles are consistent with eitherf101gb or f001gb

zone axes.

Figure 4sad shows a plan-view TEM micrograph for the
sample annealed at 1100 °C, obtained under diffraction con-
trast imaging conditions close thef100g axis of the silicon
matrix. The combination of these observations with the
cross-sectional images reveals that the island dimensions
evolve with the annealing temperature and thus with the Sn
content at the SiO2/Si interfacial regionssee Fig. 1d. Al-
though for 1000 °C the interface protuberances present a
typical height of 2.5 nm with a 4 nmbase, the treatment at
1100 °C leads to the growth of an array of higher islands
s3–4 nm highd showing a near square-like basis with mean
size of 6.2±0.8 nm. Their area concentration is<6.6
31011 cm−2 and the center-to-center mean distance between
first-neighbor islands is 15±3.5 nm.

FIG. 2. Cross-sectional TEM images showing the Sn nanoclusters within
the SiO2 layer after annealing at 900 °Csad and 1100 °Csbd.

FIG. 3. High-resolution TEM images of islands formed upon annealing at
sad andsbd 1000 °C andscd andsdd 1100 °C. The insets insad andscd present
fast-Fourier-transform patterns from the island images.

FIG. 4. Plan-view TEM micrograph, for the sample annealed at 1100 °C,sad
under structure factor imaging conditions along thef100g axis of the silicon
substrate;sbd selected area diffractionsSADd pattern from the plan-view
observations; andscd key diagram of the diffraction pattern.
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Figure 4sbd shows the selected area diffraction pattern
from the plan-view observations shown in Fig. 4sad. The
strong reflections are from thef100g zone axis of the Si ma-
trix and the weak reflections are from the islands. They are
indexed in the key diagram in Fig. 4scd. The most intense
b-Sn reflections arise from islands of the type shown in Figs.
3sad and 3scd. There are two variants of such orientation
relationship arranged at 90° to each otherflabeled V1 and V2
in Fig. 4scdg. The most prominent reflections from particles
with the orientation relationship shown in Fig. 3sbd are coin-
cident with those of the Si substrate. In addition, other very
weak reflections in Fig. 4sbd can be observedsindicated with
arrowsd. The interplanar distances of such reflections are also
consistent with theb-Sn structure, indicating that particles
with other orientation relationships to the substrate are
present. Lattice images of such particles have also been ob-
served in the cross section specimens.

The equilibrium properties of the Sn–Si system can pro-
vide a simple explanation for the formation of the observed
b-Sn islands. The Sn–Si equilibrium phase diagram9 shows a
solid-solution field of Sn in Si where the maximum Sn con-
centration continuously increases with the temperature, cor-
responding to 0.065 at. % at 900 °C and achieving a maxi-
mum value of<0.1 at. % at 1065 °C. The phase diagram
also presents an eutectic point withTe<232 °C, very close
to the pure Sn side. Hence, during annealing at temperatures
between 900 and 1100 °C, the formation of a Sn solid solu-
tion in the Si matrix may take place and therefore the inter-
face becomes a sink for Sn atoms from the oxide film. As a
consequence, a diffusion-controlled Sn redistribution toward
the interface is expected, as is in fact observed by the RBS
measurementsssee Fig. 1d. During subsequent cooling of the
sample, the Sn atoms in solution start to segregate at the
interface as their solubility limit decreases with the tempera-
ture. Since interfaces provide a rather high diffusivity path,
Sn agglomeration should be favored, but large Sn droplets
have not been observed. Probably a large agglomeration of
Sn has been prevented by the formation of extended Sn rich
melt-like zones with rather low interface energysi.e., high
wettabilityd. When the eutectic temperature is reached, Sn
solidifies causing the formation of a large number of small
and coherent Sn islands.

The diffusive growth and ripening of the island system
seems to be dependent on the Sn content segregated at the
SiO2/Si interface. The increasing of the annealing tempera-
ture leads to a higher amount of Sn available at the interface
and consequently to the coarsening of larger islands in order
to minimize the interface energy of the system within the
kinetic constrains of the Sn diffusion length at the eutectic
temperature. In contrast, for longer annealing times, it is ex-
pected that the Sn solid solution should be more uniform and
extend to a larger depth inside the Si matrix. Hence, during
the cooling stage, the segregation of Sn toward the interface
may compete with a phase separation process, very probably

driven by a transient stage of spinodal decomposition. In
fact, for samples annealed during 180 min at 1100 °C, pre-
liminary results show the suppression of the island system
and the appearance of Sn-rich nanoparticles embedded in the
Si matrix close to the SiO2/Si interface, which may be re-
lated to the spinodal process. The formation of such SnxSi1−x
islands may offer the possibility to obtain direct band gap
semiconducting nanostructures.10

In summary, it was demonstrated that, upon Sn ion im-
plantation and subsequent annealing, a high density of Sn
epitaxial islands withb-Sn structure can be formed at the
SiO2/Sis100d interface. This island system presents good
uniformity in size and shape and a narrow distribution of
distances between first-neighbor islands. The formation pro-
cess of the islands may be thermally controlled according to
the equilibrium properties of the Sn–Si system. This new
method to form nanosized Sn islands may also be extended
to other elements with similar equilibrium properties with
respect to Si. For instance, the island growth of compound
semiconductors such as PbS or PbSe via co-implantation in
SiO2/Si layers is very promising due to the interesting quan-
tum confinement properties of these materials,11,12 with po-
tential applications in future Si-based optoelectronic devices.
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