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Low temperature aging effects on the formation of Sn nanoclusters
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The formation of Sn nanocrystals �NCs� in ion implanted SiO2/Si films is investigated using
Rutherford backscattering spectrometry and transmission electron microscopy. Low temperature
and long time aging treatments followed by high temperature thermal annealings lead to the
formation of a dense bidimensional NC array located at the SiO2/Si interface. This behavior is
discussed considering the formation of small Sn clusters with a significantly improved thermal
stability. The present experimental results are in good agreement with recent theoretical predictions
that small Sn clusters can have their melting temperature enhanced in more than 1000 °C.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2772236�

The formation of dense arrays of functional nanocrystals
�NCs� in silicon oxide films is of great interest for several
applications within the information technology context. This
comprises, e.g., data storage based on their electric
properties,1,2 data transmission based on photonic or plas-
monic behavior,3,4 or even data processing in terms of single
electron devices.5,6 Dense arrays of NCs can be produced
inside thin films, e.g., by means of ion implantation or via
codeposition of the film and the NC elements, followed by
high temperature thermal treatments. In order to tailor their
size and space distribution, it is important to understand the
structure evolution involving the NC formation in SiO2
films, from the atomic scale deposition or implantation pro-
cesses to their final structure, shape, size, and spatial distri-
butions. For room temperature ion implanted silica films
with ion fluences ��1�1016 cm−2, it is generally accepted
that nanoparticle embryos may form during the implantation.
However, depending on the mobility and chemical reactivity
of the implanted ion species, stable NCs may be obtained
only upon postimplantation thermal treatments.

In this letter, we will focus on the thermal behavior of
Sn+ implanted SiO2 films presenting a specific phase segre-
gation phenomenon capable to induce significant modifica-
tions in the thermal evolution of the microstructure. The
structural characteristics of Sn implanted silica have been
previously studied as a function of the annealing temperature
and atmosphere. Thermal treatments under high vacuum re-
sult in more uniform and homogeneously distributed nano-
particle systems,7 while annealings under N2 flux preferen-
tially result in layered structures containing NCs of quite
distinct sizes and phases, including NC structures presenting
a metallic �-Sn core and a polycrystalline Sn–O shell.7,8 In
addition, as demonstrated by Spiga et al.,9 the chemical re-
activity of the Sn atoms seems to be also important. In as-
implanted silica, the Sn atoms are preferentially coordinated
with oxygen. Such a Sn–O coordination remains up to an-

nealing temperatures T�900 °C and times t�30 s. For
higher temperatures or longer times, the formation of �-Sn
NCs takes place. In the present work, we show that, on spe-
cific two step thermal treatment conditions, it is possible to
modify significantly the above scenario describing the for-
mation of NCs in Sn+ implanted silica films. As a limit situ-
ation, we demonstrate that the formation of stable Sn-based
NCs inside the films can be suppressed even for implanted
fluences of 2�1016 cm−2 and annealing temperatures and
times as high as 1100 °C during 6 h. This behavior intro-
duces a higher level of control for the sophisticated micro-
structure designs already obtained in Sn+ implanted and high
temperature annealed silica films.7,10 One of the conse-
quences demonstrated here is the exclusive formation of a
dense and bidimensional array of metallic �-Sn NCs located
at the SiO2/Si�100� interface. The present observations are
discussed in terms of a nanoscale phenomenon considering
the enhancement of the thermal stability predicted for small
Sn clusters.11,12

250 nm thick SiO2 films were thermally grown on
n-type Si�100� wafers in a wet ambient at 1000 °C. The
films were implanted with Sn ions at 300 keV and fluences
from 1.7 to 2�1016 cm−2 Sn. This combination of energy
and fluence produces a Gaussian-like Sn concentration-depth
profile centered in the middle of the SiO2 layer, with peak
concentrations of �3 at. %. Postimplantation thermal treat-
ments were performed in a conventional high vacuum fur-
nace considering either one or two process steps. The single
step treatments were performed in a pressure of �10−6 mbar
at 1100 °C for distinct times from 0.5 to 6 h. The two step
processes were performed considering first a low tempera-
ture aging in air step �from 25 �RT� to 250 °C� and longer
times �from 1 day to 1 yr, i.e., �8700 h�, followed by a high
temperature treatment also at 1100 °C for 0.5–6 h in
�10−6 mbar. The concentration distribution depth profile of
the implanted Sn atoms, before and after the annealings, has
been characterized by Rutherford backscattering spectrom-
etry using 1 MeV � particles. The transmission electron mi-
croscopy �TEM� observations were performed at 200 kV in
cross-sectional and plan-view samples prepared by ion mill-
ing.
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Figure 1 shows the Rutherford backscattering spectrom-
etry �RBS� measurements of as-implanted and thermally
annealed samples. Figure 1�a� corresponds to a case where
as-implanted samples were treated directly at 1100 °C for
6 h. The evaluation of the Sn signal shows that a fraction of
�18% of the implanted Sn atoms redistributes and forms a
sharp peak at the interface and �7% of the total Sn content
is lost by evaporation. It also shows that �75% of the Sn
content remains inside the silica film, thus leading to the
formation of �-Sn NC with distinct arrangements depending
on the annealing temperature and atmosphere as demon-
strated previously.7,13 Figure 1�b� shows that two step pro-
cesses, consisting of a 1 yr aging treatment in air at room
temperature �25 °C� followed by a 1100 °C annealing in
high vacuum for 6 h, lead to very different results: a fraction
��35% � of the implanted Sn content has accumulated at the
SiO2/Si�100� interface and the remaining Sn has been lost
by evaporation. Within the sensitivity of the RBS measure-
ments, the silica film becomes free of Sn atoms. Figure 2�a�
shows a cross-section TEM image from the same sample, as
in Fig. 1�b�. The Sn atoms have agglomerated forming the
NCs located at the interface. A careful TEM inspection of the
SiO2 film did not show voids and or any additional particle
inside the silica film. The NCs present a lenticular shape
�Fig. 2�b��, half embedded inside the Si substrate. These len-
ticular structures have rather regular heights with a mean
value of �12.2 nm and a standard deviation ��3.2 nm.
Figure 2�c� shows a plan-view image of the overall NC pla-
nar arrangement. The smaller particles present a squarelike
shape while the larger ones tend to become more circular.
Their lateral size distribution is shown in Fig. 2�d�. The over-
all particle concentration is �6�1010 cm−2; the size distri-
bution is monomodal with mean characteristic diameters of
�20 nm and standard deviation ��4.4 nm. Selected area
diffraction patterns �not shown� demonstrate that the par-
ticles are of the �-Sn �metallic� phase, presenting distinct
orientations with respect to the Si matrix.

In order to get more insight into this evolutional behav-
ior taking place during the two step thermal treatments, we
have tested the Sn redistribution characteristics considering
100 h aging treatments in air at distinct temperatures �75,
150, and 250 °C�, followed by a 6 h long second step treat-
ment at 1100 °C in �10−6 mbar. The RBS measurements
shown in Fig. 3 demonstrate that the total quantity of Sn
atoms remaining inside the silica film decreases with the
increase of the aging temperature. This occurs as the Sn at-
oms evaporate at the free surface or redistribute forming NCs
at the SiO2/Si interface. For the aging temperature of
250 °C, the evaporation losses correspond to �54% of the
total implanted content, while a fraction �42% has redistrib-
uted to the interface, and �4% still remains inside the silica

FIG. 1. RBS measurements of Sn+ implanted SiO2/Si. The full circles stand
for the as-implanted samples and the open ones for samples annealed for 6 h
at 1100 °C in high vacuum. �a� Sample implanted with the fluence of
2�1016 cm−2 Sn and directly annealed. �b� Sample implanted with the
fluence of 1.7�1016 cm−2 Sn, aged during 1 yr at 25 °C in air and then
annealed. The peaks located at the depth of �250 nm represent the Sn
content at the SiO2/Si interface.

FIG. 2. TEM micrographs presenting �a� cross-section image showing the
Sn nanoclusters at the SiO2/Si�100� interface and the SiO2 film free of TEM
detectable particles, �b� enlarged cross-sectional view from an interface clus-
ter showing its crystalline arrangement and its lenticular shape half embed-
ded in the Si matrix, and �c� plan-view image from the interface region
showing the cluster arrangement. The inset shows their size distribution
histogram �characteristic diameters�.
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film. The maximum Sn fraction at the interface region is
observed for the aging temperature of 150 °C, corresponding
to �46% of the implanted content, however, with a larger Sn
fraction �19%� remaining inside the silica film.

The above results show that the low temperature aging
treatment is a crucial step significantly affecting the micro-
structure evolution of the Sn+ implanted silica films. As
previously reported by different groups,8,9,13 classical nucle-
ation concepts can explain the formation of nanoparticles
inside silica, as commonly obtained via a one step
thermal treatment. In this sense, observed losses of the im-
planted content usually occur at rather high temperatures
�T�900 °C�, and can be related to the dissolution of larger
particles, which show additional void contrast clearly ob-
served by TEM �not shown� as their Sn content diminishes.

In the case of the Sn implanted samples aged for 1 yr at
room temperature �Fig. 2�a��, we have not detected the pres-
ence of voids or any additional particles inside the silica.
Hence, the major effect of the aging treatment seems to be
the formation of embryos or small Sn clusters, very probably
due to the limited mobility of the Sn atoms at the low aging
temperatures. Upon thermal treatments at higher tempera-
tures, the absence of voids or any other particles leads to the
assumption that particle coarsening did not occur, even at
temperatures as high as 1100 °C for 6 h long treatments. As
a consequence, it is necessary to postulate that the small Sn
clusters have acquired an enhanced thermal stability and
only began to slowly dissociate at temperatures close to
1100 °C. Indeed, this assumption is supported by recent
experimental14,15 and theoretical11,12 findings. It has been
demonstrated that Sn clusters with 5–20 atoms can present
an enhanced thermal stability and, as opposed to most of
nanoparticle systems, may lead to a significant increase of
their melting point as compared to the bulk value. First prin-
ciples calculations show that the melting point of Sn10 or
Sn20 clusters may reach temperatures as high as
1100–1300 °C. The drastic increase of melting temperatures
was explained as a nanoscale phenomenon resulting from the
preferential formation of covalent bonds and a specific
atomic structure, typically trigonal triangular prisms, instead
of metallic close packed ones. This predicted property of
such small Sn clusters could explain our results. Their for-
mation may require very long times �of the order of 1 yr� at
RT. For shorter aging times such as 100 h at 75, 150, or
250 °C, the fraction of stable clusters seems to increase with
the aging temperature as the mobility of the Sn atoms also
increases. Because of their enhanced thermal stability, the

clusters may only start to dissolve at a sufficiently high tem-
perature �in our case 1100 °C�. Hence, the release rate of the
Sn atoms from the small clusters is slow as compared to the
atomic diffusivity, and therefore classical nucleation is inhib-
ited since the formation of clusters with large critical radius
value becomes improbable. Thus, as the Sn atoms dissociate
from the small clusters, they are free to diffuse, redistributing
toward sinks represented by the free surface �leading to
losses by evaporation�, by the interface or even by the Si
matrix as Sn becomes more soluble at temperatures around
1060 °C.16 This situation can lead to heterogeneous nucle-
ation of nanoparticles at the interface, as discussed
previously.13

In summary, we have demonstrated that aging treatments
in Sn implanted silica provide an alternative method to nano-
structurate silica films and SiO2/Si interfaces. In particular,
we demonstrate that the formation of Sn rich nanoclusters in
ion implanted silica films can be inhibited, leading to the
exclusive formation of a bidimensional and dense arrange-
ment of rather uniform nanoclusters at the SiO2/Si interface.
This phenomenon was discussed considering the formation
of highly stable small Sn clusters, contradicting the usual
concept that the thermal stability decreases with the nano-
clusters size. The present results are consistent with recent
theoretical predictions and may represent the first experimen-
tal confirmation that the thermal stability of small Sn clusters
can be significantly enhanced in �1000 °C.

The authors acknowledge the use of the facilities of
CME-UFRGS and the support from CAPES, CNPq,
FAPERGS, and FINEP. Two of the authors �P.F.P.F. and
J.M.J.L.� also acknowledge the support from the AvH Foun-
dation, Germany.

1R. J. Walters, P. G. Kik, J. D. Casperson, H. A. Atwater, R. Lindsted,
M. Giorgi, and G. Bourianoff, Appl. Phys. Lett. 85, 2622 �2004�.

2P. Dimitrakis, E. Kapenatakis, D. Tsoukalas, D. Skarlatos, C. Bonafos, G.
Bem Assayag, A. Claverie, M. Perego, M. Fanciulli, V. Soncini, R. Sotgiu,
A. Agarwal, M. Ameen, C. Sohl, and P. Normand, Solid-State Electron.
48, 1511 �2004�.

3Y. Xin and N. J. Hallas, MRS Bull. 30, 328 �2005�.
4S. A. Mayer, and H. A. Atwater, J. Appl. Phys. 98, 011101 �2005�.
5W. Chen and H. Ahmed, J. Vac. Sci. Technol. B 15, 1402 �1997�.
6T. Kubota, T. Hashimoto, Y. Ishikawa, S. Samukawa, A. Miura, Y. Uraoka,
T. Fuyuki, M. Takeguchi, K. Nishioka, and I. Yamashita, Appl. Phys. Lett.
89, 233127 �2006�.

7J. M. J. Lopes, F. C. Zawislak, P. F. P. Fichtner, F. C. Lovey, and A. M.
Condó, Appl. Phys. Lett. 86, 023101 �2005�.

8A. Markvitz, R. Grötzschel, K. H. Heinig, L. Rebohle, and W. Skorupa,
Nucl. Instrum. Methods Phys. Res. B 152, 319 �1999�.

9S. Spiga, R. Mantovan, M. Faniciulli, N. Ferreti, F. Boscherini, F.
d’Acapito, B. Schimidt, R. Gröstzschel, and A. Mücklich, Phys. Rev. B
68, 205419 �2003�.

10A. Nakajima, T. Futatsugi, H. Nakao, T. Usuki, N. Horigushi, and N.
Yokohama, J. Appl. Phys. 84, 1316 �1998�.

11K. Joshi, D. G. Kanhere, and S. A. Blundell, Phys. Rev. B 67, 235413
�2003�.

12F. Chuang, C. Z. Wang, S. Öğüt, J. R. Chelikowsky, and K. M. Ho,
Phys. Rev. B 69, 165408 �2004�.

13J. M. J. Lopes, F. C. Zawislak, P. F. P. Fichtner, R. M. Papaléo, F. C.
Lovey, A. M. Condó, and A. J. Tolley, Appl. Phys. Lett. 86, 191914
�2005�.

14A. A. Shvartsburg, and M. F. Jarrold, Phys. Rev. Lett. 85, 2530 �2000�.
15Q. Xu, I. D. Sharp, C. W. Yuan, D. O. Yi, C. Y. Liao, A. M. Gleaser, A. M.

Minor, J. W. Beeman, M. C. Ridgway, P. Kluth, J. W. Ager III, D. C.
Chrzan, and E. E. Haller, Phys. Rev. Lett. 97, 155701 �2006�.

16R. W. Olesinski and G. J. Abbaschian, in Binary Alloy Phase Diagrams,
2nd ed., edited by T. B. Massalski �ASM International, Ohio, 1992�,
Vol. 3, p. 3362.
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